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Foreword 
Alan H. DeCherney 


This fourth edition of Infertility in the Male certainly 
disproves the call to arms of the reproductive medicine 
community: when, in 1992, ICSI (intracytoplasmic 
sperm injection) appeared in the armamentarium of 
the infertility physicians it was claimed that urologists 
no longer had a role in the management of infertile 
men, except for obtaining sperm. This concept is cer- 
tainly refuted and defeated by this exquisite revision of 
a book whose first edition was published in 1983. 

The editors have assembled all of the leaders in the 
field to contribute on their individual areas of expertise, 
yet the text has editorial consistency. All of the chapters 
are extremely well written, providing abasic foundation 
for practice and for the understanding of male factors 
in infertility. The contributions are critical and crucial, 
with exciting new information combining modern 
insights on topics such as the determination of seminal 
oxidants, the measurement of DNA fragmentation and 
its role in infertility, and the genetic and epidemiologic 
impact on infertility, to cite just a few, along with his- 
torically documented concepts. 

The book is well organized, and it is fascinating to 
follow the course of the field through its development 
and enhancement by rigorous scientific research. Of 
special interest is the in-depth chapter on analyzing 
male fertility data: as the authors put it, “our knowledge 
of male infertility, its causes and treatments, ultimately 
derives from raw observational and experimental data. 
Transforming those data into information depends 
on statistical analysis”? This chapter provides a basic 
understanding of statistical analysis, which, although 
brief, is thorough. 

The chapter on adverse effects of environmental 
chemicals and drugs illustrates how current this text 
is, as does the material on microdeletions found in the 
Y chromosome. It is clear that male factor infertility 
is a viable and exciting subspecialty of urology with a 
bright, sanguine, and important future. This is further 
illustrated by the stimulating chapter on genetic aspects 
of infertility, which includes a discussion of apoptotic 


changes - research which will be applied in the clinic 
setting in the future. 

The book provides comprehensive descriptions of 
normal and abnormal male reproductive physiology 
and pathophysiology, while also supplying great 
insights into diagnosis and treatment of the range 
of conditions underlying infertility in the male. It is 
therefore the “bible” for urologists, urologists in train- 
ing, and individuals having a profound interest in male 
reproduction (i.e. reproductive endocrinologists). 

This beautifully illustrated and well-edited text also 
provides an exciting forum for what the future holds. 
The book not only provides academic material, but also 
serves as a manual for carrying out procedures. This isa 
required read for anyone interested in male infertility. 


(= 


Jane M. Lewis and William E. Kaplan 


Introduction 

The understanding of embryology provides a foun- 
dation for the mastery of anatomy. In the treatment 
of men with infertility, it is only appropriate that one 
return to the basics of fetal development of the male 
reproductive tract. This chapter will review the germ 
layers from which all tissues organize themselves and 
develop. It will also review the ductal system and its 
critical role in reproduction. The cloacal development, 
with its eventual division of the urogenital sinus, will 
be reviewed, including the various roles the urogenital 
sinus plays in male reproductive tract anatomy. Testis 
growth and descent will be discussed. And finally the 
events involved in the development of external male 
genitalia will be reviewed. 


The germ layers 

After fertilization of the ovum by sperm, prenatal devel- 
opment happens quite rapidly. By day two, the first cell 
division creates a zygote. On day three, with ongo- 
ing rapid cell division known as cleavage, the morula 
(from the Latin word for mulberry) forms and travels 
down the fallopian tube into the uterus. On day four, 
the morula develops a fluid-filled cavity, the yolk sac. 
With the development of tightly packed cells along the 
periphery, it becomes a blastocyst. At day six, implan- 
tation into the uterus has begun. 

During the second week of development, the inner 
cell mass also develops a fluid-filled space called the 
amniotic cavity, and once again the most central or 
anterior cells organize themselves into a bilaminar 
disc. The blastocyst becomes completely implanted in 
the wall of the uterus and the placenta begins to form 
(Fig. 1.1). By the third week, the blastocyst develops 
a primitive streak, a notochord, and turns the bilam- 
inar disc into three germ layers - ectoderm, meso- 
derm, and endoderm (Fig. 1.2). 


Anatomy and embryology of 
the male reproductive tract and 
gonadal development 


After the fourth week of development, the primitive 
streak stops producing mesoderm and the widely 
dispersed mesenchyme, and the streak essentially dis- 
appears. The intraembryonic mesoderm in the trilam- 
inar disc further differentiates into paraxial mesoderm 
on either side of the notochord, followed laterally by 
the intermediate mesoderm and most laterally by the 
lateral mesoderm. Both the urinary and genital sys- 
tems develop from this intermediate mesoderm 
(Fig. 1.3) [1,2]. 


Normal development of the urinary 
ductal system 


The urogenital system consists of two distinct systems 
(urinary and genital/reproductive) which are devel- 
opmentally very interrelated. In the adult male they 
remain interrelated, but in the adult female these sys- 
tems are separate, although still very close neighbors. 
Before expression of gonadal genotype, all embryos 
undergo the same development of three urinary 
excretory systems, the second of which will be signifi- 
cant for the male reproductive system. 

First, the pronephroi (singular - pronephros) 
appear and disappear in developing embryos dur- 
ing the fourth week. In humans, the pronephros itself 
has no function but the longitudinal ducts, known as 
pronephric or nephric ducts, empty into the cloaca. 
This lays the groundwork for the development of the 
more permanent structures. 

Second, the mesonephroi (singular - mesoneph- 
ros) are paired organs that appear as the pronephroiare 
disintegrating. They have glomeruli as well as tubules 
that empty into the mesonephric ducts, which were 
originally the paranephric ducts. Hence, sometime 
during the fifth week of development the mesoneph- 
roi function as a primitive filtering system and empty 
waste into the cloaca (Fig. 1.4). 
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Fig.1.1. Blastocyst in the endometrium, showing the bilaminar 
disc formation. (A) Partially implanted in the endometrium at 
around 8 days. (B) Enlarged, three-dimensional representation of 
blastocyst. (C) A blastocyst that has completely embedded in the 
endometrium; the lacunae seen in the syncytiotrophoblast will 
eventually communicate with the endometrial vessels, establish- 
ing the primitive ureteroplacental circulation. (Reproduced with 
permission from Moore KL, Persaud TVN. The Developing Human: 
Clinically Oriented Embryology, 5th edn. Philadelphia, PA: Saunders, 
1993.) 


Third, the metanephroi (singular - metanephros), 
or the permanent kidneys, develop in the fifth week 
and begin to function in the ninth week, correspond- 
ing to when the mesonephroi degenerate. There are 
two distinct parts that contribute to the creation 
of the metanephroi: the ureteric bud and the meta- 
nephric blastema. A diverticulum from the (meso) 
nephric duct, known as the ureteric bud, grows out 
into some neighboring metanephric mesoderm, which 
is the blastema for the future kidney. The contact of the 
ureteric bud induces the metanephric mesoderm to 
grow and differentiate. Nephrons grow through a proc- 
ess of branching and ongoing cell induction. The devel- 
oping tubules are eventually invaginated by glomeruli 
from the developing aorta [3]. 

Finally, during the seventh to eighth week post- 
fertilization, the effects of the gonads start to play a role. 
If testes are present and testosterone is being secreted, 
and the body’s cells are receptive to it, the (meso)nephric 
ducts will become what are known as the Wolffian ducts 
and will shift their function from the urinary system to 
the reproductive system. They are paired, run longitu- 
dinally on either side of the midline, and empty into the 
cloaca. The proximal, most cranial, portion of them will 
become the epididymis and the remainder will form the 
ductus (vas) deferens and the ejaculatory duct. If testos- 
terone is not present or is not being sensed, these ducts 
will disappear and leave only a few vestigial remnants. 
Another duct that is unique to the genital system instead 
of coopted from the urinary system will develop paral- 
lel to the mesonephric ducts. These are the paramesone- 
phric ducts, to be discussed in more detail later. 


The cloaca 

During the rapid cell growth in the third week of the tri- 
laminar embryo, thehead and tail fold ventrally. During 
this folding, a part of the yolk sac is incorporated into 
the embryo as the hindgut, and the distal portion of 
this dilates into a region known as the cloaca, from the 
Latin word for sewer. Within this piece of incorporated 
yolk sac exists a diverticulum called the allantois, from 
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Fig. 1.2. Trilaminar embryonic disc (days 15 to 16). The arrows indicate invagination and migration of mesenchymal cells between the 
ectoderm and endoderm. (A, C & E) Dorsal views, with the amnion removed; (B, D, & F) corresponding cross-section views. (Reproduced with 
permission from Moore KL, Persaud TVN. The Developing Human: Clinically Oriented Embryology, 5th edn. Philadelphia, PA: Saunders, 1993.) 
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Fig. 1.3. Embryo at 18 days, showing differentiation of mesoderm: (A) dorsal view, with the amnion removed; (B) cross section indicated 
in image A. (Reproduced with permission from Moore KL, Persaud TVN. The Developing Human: Clinically Oriented Embryology, 5th edn. 


Philadelphia, PA: Saunders, 1993.) 
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Fig. 1.4. Junction of excretory organs in fifth week. (A) lateral view; (B) ventral view with the mesonephric tubules rotated laterally for ease of 
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the Greek word allas meaning sausage. It extends up 
into the connecting stalk of the embryo and, although 
much more important in other animals’ developing 
respiratory function, in humans it is associated with 
the developing bladder, and its blood vessels become 
the umbilical arteries and vein. The vestigial remnants 
are the urachus and the median umbilical ligament. 
The cloaca, as incorporated yolk sac, is an 
endoderm-lined cavity, anchored at the caudal end by 


the cloacal membrane. Currently, there are two leading 
theories as to the separation of the cloacal membrane. 
The classic view was that mesenchyme continues to 
grow rapidly, extending caudally and dorsally, between 
the more ventral allantois and the relatively dorsal 
hindgut. This mesenchyme is known as the urorectal 
septum. As it grows caudally, it eventually fuses with the 
cloacal membrane, and this point of fusion in adults is 
known as the perineal body. The migration and fusion 
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of the urorectal septum effectively divides the cloaca with the ventral urogenital sinus is now referred to as 
into a ventral urogenital sinus (which is contiguous the urogenital membrane, and the dorsal portion is the 
with the allantois cranially) and a dorsal area includ- anal membrane. By the end of the eighth week, the anal 
ing the rectum and anal canal during the seventh week membrane usually ruptures and the urogenital mem- 
of development. The cloacal membrane associated brane is degenerating (Fig. 1.5) [4]. 


a 
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This theory was challenged by more recent stud- 
ies utilizing three-dimensional magnetic resonance 
imaging. These observations led to the theory that 
the descending urorectal septum never fuses with the 
cloacal membrane [5]. Rather, the cloaca undergoes 
preprogrammed cell death during the eighth week 
of development, and the urorectal septum, which is 
immediately posterior to the cloacal membrane, still 
defines the boundary between the urogenital sinus on 
the ventral side, and the rectum/anal canal on the dor- 
sal side. The tip of the urorectal septum then becomes 
the perineal body. 


The trigone and excretory ducts 
During the fifth week of development, as the final kidney 
is beginning to form as described above, the portion of 
the urogenital sinus that will become bladder is begin- 
ning to take shape. As discussed above, the mesonephric 
ducts, which are mesodermal structures, are connected 
to the urogenital sinus (ventral portion of the cloaca, and 
therefore endodermally lined) bilaterally. The portions 
of the mesonephric ducts distal to where the ureteric 
buds have sprouted become known as the common 
excretory ducts. The common excretory ducts then fuse 
in the midline and become known as the primitive trig- 
one. With ongoing growth of the urogenital sinus, the 
trigone migrates more and more caudal, which causes 
the ureteric buds eventually to become individually 
invaginated into the developing trigone as well (Fig. 1.6). 
It is assumed that the rapid growth of the bladder, along 
with the relative ascent of the kidneys, exerts a force on 
the ureteric orifices to move superolaterally after incor- 
poration into the bladder. 
Thecommonexcretory ducts eventuallymoveinto 
the prostatic part of the urethra and become known 
as the verumontanum. Anomalies in development 
can occur depending on the distance between the 
orifice of the mesonephric duct within the urogenital 
sinus and the ureteric bud. If it is too short, the result- 
ant ureteral orifice may develop distally in the bladder 
neck or urethra; if it is too long, it may never become 
incorporated into the bladder. Also, the migration of 
the excretory ducts, as well as the appearance of the 
paramesonephric ducts, all occur before testosterone 
and anti-Miillerian hormone (AMH), also known as 
Miillerian-inhibiting substance (MIS), are present [3]. 


The urogenital sinus: male 
The urogenital sinus has three distinct regions, 
all lined with the same endodermal cells. The most 


cranial is the vesical part, which is contiguous with 
the allantois, which will become the bladder. There is 
a middle pelvic part, which in males will become the 
prostate and bulbourethral glands. And finally there is 
a caudal, phallic part, which is in contact with the uro- 
genital membrane. This is the region that will become 
the spongy urethra. The distal part of the urethra 
originates from ectodermal cells along the glandular 
plate at the tip of the glans penis. This plate is evident 
at eleven weeks of development. By the twelfth week, 
the plate becomes canalized and starts growing down 
to meet the spongy urethra coming from the urogeni- 
tal sinus by the fourteenth week. Connective tissue and 
smooth muscle of the urethra derive from neighboring 
splanchnic mesenchyme (Fig. 1.7) [6]. 

The growing circulation of androgens from the 
developing testes promotes the start of prostate devel- 
opment. As the urethra is growing distally from the 
most caudal part of the urogenital sinus, the prostate 
develops from the middle pelvic part of the urogeni- 
tal sinus during the tenth week of gestation. This starts 
with various outpouchings of endoderm into the neigh- 
boring mesenchyme, which will then differentiate into 
stroma and smooth muscle. The endodermal or epithe- 
lial cords eventually canalize, and the lining develops 
into two distinct cell types, luminal and basal. 

The bulbourethral glands develop as paired out- 
growths from the spongy part of the urethra, just distal 
to the prostate [6]. As with the prostate, the epithelial 
portion of these glands comes from the endoderm 
of the urogenital sinus. The outpouchings of endo- 
derm then induce the local mesenchyme to form the 
smooth-muscle fibers and stroma of the glands. These 
glands will produce secretions that contribute to semen 
(Fig. 1.8). 


The urogenital sinus: female 

The urogenital sinus, in its undifferentiated state, is 
composed of three sections: a cranial (vesical) part, a 
middle (pelvic) part, and a caudal (phallic) part. The 
fate of the vesical part is the same for females and 
males - it becomes the bladder. This is the area into 
which the distal mesonephric ducts invaginate, fuse, 
migrate caudally, then receive the invagination of the 
ureteric buds, all forming the trigone. The middle 
(pelvic) and the caudal (phallic) portions have slightly 
different fates in the developing female. As there is 
no testosterone or anti-Miillerian hormone (AMH) 
present in the eighth week, the phallus does not grow 
but the urethra undergoes the same transformation, 
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Fig. 1.6. Formation of urogenital sinus and rectum; movement of the mesonephric ducts and ureters; formation of bladder, urethra, and 
urachus. Shown in stages from 5 weeks to 12 weeks. (Reproduced with permission from Moore KL, Persaud TVN. The Developing Human: 
Clinically Oriented Embryology, 5th edn. Philadelphia, PA: Saunders, 1993.) 


albeit much shorter, from the caudal portion of the ducts persist. The ends of these ducts fuse together and 
urogenital sinus (Fig. 1.6). then fuse into the posterior wall of the middle (pelvic) 

In the hormonal female, the mesonephric urogenital sinus - that point of fusion becomes known 
(Wolffian) ducts degenerate, but the paramesonephric as the sinusal tubercle. The ducts continue to fuse with 
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Fig. 1.7. Developing penis from 11 to 14 weeks. (Reproduced with permission from Moore KL, Persaud TVN. The Developing Human: Clinically 
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the urogenital sinus and open up into a common, 
single-lumen chamber, known as the ureterovaginal 
canal. This becomes the uterus as well as the proximal 
portion of the vagina. 

The sinusal tubercle eventually contributes to the 
vaginal plate, which elongates and becomes canalized. 
The final barrier to the outside world is a thin endoder- 
mal layer of urogenital sinus, which normally dissolves 
by the fifth month, but a remnant will be left as the vagi- 
nal hymen. The epithelial layer of the entire vagina and 
cervix may extend in from this endodermal urogenital 
sinus connection (Fig. 1.8) [3]. 


The genital ducts 

To review, there are a series of ducts that develop in 
the genitourinary systems. Some are primarily for the 
rudimentary urinary system (pronephric), some start 
in the urinary system but are coopted by the genital 
system (mesonephric), and some are proprietary of the 
genital system (paramesonephric). While the fate of 
the pronephric duct is the same for both males and 
females, the development of the other two ducts is 
dependent on gonadal differentiation. 

Regardless of chromosomal gender, during the 
fifth week of development, gonadal development 
begins. It is undifferentiated for the first two weeks. 
Both gonads, the testis and the ovary, arise from a mix 
of mesothelium (mesodermal epithelium) from the 
posterior abdominal wall, mesenchyme, and primor- 
dial germ cells. The process starts with the appearance 
ofathickened area of epithelium, the gonadal ridge. The 
primordial germ cells are first identified in the devel- 
oping embryo during the fourth week. They eventually 
migrate towards the gonadal ridge. Additional epi- 
thelial tissue of the gonadal ridge thickens, becoming 
known asthe primary sex cords. The sex cords incorpo- 
rate the primordial germ cells which are now present. 
At this point, the gonadal ridge is identified as having 


two distinct regions: the epithelial layer (cortex) and 
the mesenchymal area (medulla) (Fig. 1.9) [4]. 

Still in an undifferentiated gonadal state, the para- 
mesonephric ducts appear. The cranial ends of these 
ducts are funnel-shaped and open into the future 
peritoneal cavity. These ducts become known as the 
Miillerian ducts. 

By the sixth week of development, if the embryo 
is chromosomally XY, cells in the sex cords in the 
medulla will grow and become Sertoli cells, under 
the influence of SRY (sex-determining region of the Y 
sex chromosome), and the cortex will disappear. The 
Sertoli cells will start to produce AMH, which will 
halt the development of the paramesonephric ducts 
and eventually cause rapid regression during the 
eighth to tenth week of development [7]. Remnants in 
the males include a small piece of tissue on the superior 
pole of the testis called the appendix testis. Also, extra 
tissue along the posterior urethra can remain, becom- 
ing known as the prostatic utricle. Rarely, a genetic male 
due toan AMH malfunction will have persistence of the 
Miillerian ducts (and thus a uterus and fallopian tubes 
will develop), a condition called hernia uteri inguinale. 
The Sertoli cells, along with the primordial germ cells, 
will become seminiferous tubules at puberty. 

The seminiferous or testis cords are separated by 
mesenchyme that is stimulated to become Leydig 
cells by the SRY protein. This occurs from the eighth 
to the tenth week of development, at which point 
these cells start producing testosterone. Initially, the 
production is regulated by placental chorionic gona- 
dotropin, but eventually the developing embryos own 
hypothalamus-pituitary axis takes over control with 
the pituitary secretion of human chorionic gonadotro- 
pin (hCG). 

Testosterone stimulates numerous changes in the 
existing ductal system. Specifically, the mesonephric 
duct definitively becomes the Wolffian duct. The most 
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distal portion of the Wolffian duct becomes invested 
with more smooth muscle and becomes the ductus (vas) 
deferens. Near the urogenital sinus/developing pros- 
tate, during the tenth week, a pair of lateral buds devel- 
ops from the duct and become the seminal vesicles. The 
most cranial portion of the duct will disintegrate, and 
the remnant tissue is called the appendix epididymis. 
The mesonephric tubules (not ducts) that grew near the 
developing testes will become incorporated into the 
testis-epididymis structure as efferent ductules. As 
already structured, these former tubules (now effer- 
ent ductules) empty into the Wolffian duct, which in 
proximity to the developing testis, are transforming 
into part of the ductus epididymis. The more distal 
ends of the testis cords will form the tubuli recti and the 
rete testis. But the communications between rete tes- 
tis and efferent ductules of the epididymis will not be 
established until after the twelfth week of development 
[8]. 

Testis development continues. In addition to the 
sex cords forming with germ cells and Sertoli cells, and 
Leydig cells in the interstices, the development of the 
tunica albuginea is a characteristic and diagnostic fea- 
ture of testicular development. This is a thick, fibrous 
capsule of connective tissue that causes the separation 
of the sex cords from the epithelial layer. The testis then 
becomes suspended in a developing mesentery of its 
own called the mesorchium, along with two major 
attachments: the cranial suspensory ligament and the 
gubernaculum. During the fourth month of develop- 
ment, as the abdominal cavity is enlarging, the cranial 
suspensory ligament, stimulated by the presence of 
testosterone, regresses. The gubernaculum, however, 
thickens regardless of androgen, and holds the testis 
in the inguinal region. Increasing intra-abdominal 
pressure up to this point is likely unimportant in tes- 
tis travel, but for its migration through the inguinal 
canal and down into the scrotum it becomes more 
important [3]. 

The descent of the testis into the scrotum is com- 
plicated. During the seventh month of development, 
the peritoneal cavity evaginates through each inguinal 
canal down into the scrotum. This outpouching is 
called the processus vaginalis. While this is happening, 
the gubernaculum continues to thicken and shorten 
its hold on the testis [9]. Testosterone appears to be 
important in the dissolution of the cranial suspen- 
sory ligament as well as in the migration of the tes- 
tis from the inguinal canal into the scrotum. The 
androgenic mechanism of action is poorly under- 
stood. Researchers have also looked at the role of 


AMH from Sertoli cells [10], Hoxa10 gene expressed 
in the gubernaculum, as well a Leydig cell gene prod- 
uct called INSL3 [11,12], with promising research but 
no definitive conclusions. It was observed that if the 
genitofemoral nerve is transected, cryptorchidism 
occurs [13]. Over years of study, this has implicated 
androgen action via this nerve [14] and denervation 
of the gubernaculum as well as resultant lack of the 
neurotransmitter calcitonin gene-related peptide [15]. 
Once again, no consensus has been reached. 


Phenotypic sex development 
The external genitalia begin their development in an 
undifferentiated state. As with the internal ductal sys- 
tem, the presence or absence of a Y sex chromosome 
with the Sry gene and the production of testoster- 
one will drive the differentiation to a male or female 
phenotype [16]. There are, however, many other gene 
loci implicated in successful male differentiation, 
some for the formation of the urogenital ridge - Wt] 
(Wilms tumor 1), Sfl (steroidogenic factor 1), and 
Dax1 (dosage-sensitive sex reversal, adrenal hypopla- 
sia congenital, X chromosome) [17]; others for Sertoli 
cell functions - Sox9, FGF9, Sry [18,19]; and still 
others for transcription of the AMH gene - Fog2, Igf1 
[20,21]. Actual phenotypic male expression involves 
testosterone production from Leydig cells, but several 
genes have been identified as producers of essential 
enzymes - StAR, Cyp11a1, Cyp17, and 3BHSD [22]. 

Before these gene products come into play, during 
the fourth week of development in the undifferenti- 
ated state, the embryos growing mesenchyme gathers 
together at the cranial end of the cloacal membrane 
forming the genital tubercle. Additional proliferat- 
ing tissue is noted on either side of the cloacal mem- 
brane; this becomes what is known as the labioscrotal 
swellings and the urogenital folds. The genital tubercle 
elongates and becomes what is known as a phallus. As 
previously discussed, the cloacal membrane is divided 
into the ventral urogenital membrane and the dorsal 
anal membrane. The urogenital membrane becomes 
the urethral groove, which is bordered on either side 
by the urogenital folds. This membrane, along with the 
anal membrane, ruptures in the eighth week, which 
coincides with the presence or absence of testosterone, 
resulting in the urethral groove that will extend along 
the ventrum of the phallus in males, and a common 
vestibule of the vagina in females [7]. 

In the presence of testosterone, the phallus 
lengthens and enlarges to form the penis. The ure- 
thral groove grows as well, with the lateral walls made 
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Fig. 1.10. Development of external genitalia: (A) 4 weeks; (B) 7 weeks; (C & D) 9 weeks; (E & F) 11 weeks; (G & H) 12 weeks. (Reproduced with 


permission from Moore KL, Persaud TVN. The Developing Human: Clin 


up of urogenital folds, and the inner lining made up of 
endodermal cells from the phallic portion of the uro- 
genital sinus called the urethral plate. The urogenital 
folds fuse in the midline, enclosing the spongy urethra 


ically Oriented Embryology, 5th edn. Philadelphia, PA: Saunders, 1993.) 


with the penis, and the result is the externally visible 
median raphe. This is an extension of the fusion that has 
occurred with the labioscrotal swellings, forming the 
median raphe of the scrotum. As mentioned previously 
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in the section on urethral development, the ectoderm 
from the glandular plate at the tip of the glans penis 
forms a cellular cord that grows down into the penis to 
meet the spongy urethra (Fig. 1.10). 

During the twelfth week, there is a proliferation 
of ectoderm around the glans, forming the prepuce. 
Eventually, there is a breakdown of the preputial tissue 
from the glans, but this may not happen until the child 
reaches infancy [8]. 


Conclusion 

The embryology of the genitourinary tract is quite 
complicated, involves many pieces being in the exact 
place at the correct time, and requires that the under- 
lying genome provide all the appropriate gene prod- 
ucts in the right sequence. Many errors can and do 
occur. Fortunately for the developing embryo, these 
errors of the genitourinary tract are rarely fatal, but 
certainly can cause problems for the individual born 
into the world. An understanding of how things are 
formed can greatly aid in diagnosis and treatment of 
these patients. 


References 


[1] Moore KL, Persaud TVN. The beginning of human 
development. The Developing Human: Clinically 
Oriented Embryology, 5th edn. Chapter 2. Philadelphia, 
PA: Saunders, 1993: 15-41. 


[2] Moore KL, Persaud TVN. Formation of the bilaminar 
embryonic disc. The Developing Human: Clinically 
Oriented Embryology, 5th edn. Chapter 3. Philadelphia, 
PA: Saunders, 1993: 43-53. 


[3] Park JM. Normal development of the urogenital 
system. In: Wein AJ, Kavoussi LR, Novick AC, 
Partin AW, Peters CA, eds. Campbell- Walsh Urology, 
9th edn. Philadelphia, PA: Saunders Elsevier, 2007: 
3121-48. 


[4] Cuckow PM, Nyirady P. Embryology of the urogenital 
tract. In: Gearhart JP, Rink RC, Mouriquand PDE, eds. 
Pediatric Urology. Philadelphia, PA: Saunders, 2001: 
3-13. 

[5] Nievelstein RA, van der Werff JF, Verbeek FJ, Valk J, 
Vermeij-Keers C. Normal and abnormal embryonic 
development of the anorectum in human embryos. 
Teratology 1998; 57: 70-8. 

[6] Moore KL. The pelvis and perineum. Clinically Oriented 
Anatomy, 3rd edn. Chapter 3. Baltimore, MD: Williams 
& Wilkins, 1992: 277-312. 

[7] Moore KL, Persaud Tvn. The urogenital system. The 
Developing Human: Clinically Oriented Embryology, 


[8] 


[18] 


5th edn. Chapter 12. Philadelphia, PA: Saunders, 1993: 
265-303. 

Lerman SE, McAleer IM, Kaplan GW. Embryology 

of the genitourinary tract. In: Belman AB, King LR, 
Kramer SA, eds. Clinical Pediatric Urology, 4th edn. 
London: Martin Dunitz, 2002: 1-23. 


Heyns CF. The gubernaculum during testicular 
descent in the human fetus. J Anat 1987; 153: 93-112. 
Josso N, Picard JY, Imbeaud S, et al. The persistent 
mullerian duct syndrome: a rare cause of 
cryptorchidism. Eur J Pediatr 1993; 152 (Suppl 2): 
$76-8. 

Adham IM, Brukhardt E, Benahmed M, Engel W. 
Cloning of a cDNA for a novel insulin-like peptide 
of the testicular Leydig cells. J Biol Chem 1993; 268: 
26668-72. 


Nef S, Parada LF. Cryptorchidism in mice mutant for 
Insl3. Nat Genet 1999; 22: 295-9. 


Beasley SW, Hutson JM. Effect of division of 
genitofemoral nerve on testicular descent in the rat. 
Aust N Z J Surg 1987; 57: 49-51. 

Hutson JM, Beasley SW, Bryan AD. Cryptorchidism 
in spina bifida and spinal cord transection: a clue to 
the mechanism of transinguinal descent of the testis. 
J Pediatr Surg 1988; 23: 275-7. 


Park WH, Hutson JM. The gubernaculum shows 
rhythmic contractility and active movement during 
testicular descent. J Pediatr Surg 1991; 26: 615-7. 
Greenfield A, Koopman P. SRY and mammalian sex 
determination. Curr Top Dev Biol 1996; 34: 1-23. 
Nachtigal MW, Hirokawa Y, Enyeart-VanHouten DL, 
etal. Wilms tumor 1 and Dax-1 modulate the orphan 
nuclear receptor SF-1 in sex-specific gene expression. 
Cell 1998; 93: 445-54. 


Sekido R, Bar I, Narvaez V, Penny G, Lovell-Badge 
R. SOX9 is up-regulated by the transient expression 
of SRY specifically in Sertoli cell precursors. Dev Biol 
2004; 274: 271-9. 


Colvin JS, Green RP, Schmahl J, Capel B, Ornitz DM. 
Male-to-female sex reversal in mice lacking fibroblast 
growth factor 9. Cell 2001; 104: 875-89. 


Tevosian SG, Albrecht KH, Crispino JD, et al. Gonadal 
differentiation, sex determination and normal 

Sry expression in mice require direct interaction 
between transcription partners GATA4 and FOG2. 
Development 2002; 129: 4627-34. 

Nef S, Verma-Kurvari S, Merenmies J, et al. Testis 
determination requires insulin receptor family 
function in mice. Nature 2003; 426: 291-5. 

Brennan J, Tilmann C, Capel B. Pdgfr-a mediates testis 


cord organization and fetal Leydig cell development in 
the XY gonad. Genes Dev 2003; 17: 800-10. 


gonadal axis 


Ettore Caroppo 


Introduction 

The male hypothalamic-pituitary-gonadal (HPG) 
axis is a finely controlled system whose role is to pro- 
mote spermatogenesis and androgen biosynthesis. 
Hypothalamus, pituitary, and testes secrete hor- 
mones and peptides that feed back at multiple levels 
of the reproductive axis to control their own synthe- 
sis and secretion, resulting in a tightly regulated sys- 
tem (Fig. 2.1). Specific neurons in the hypothalamus 
secrete the decapeptide gonadotropin-releasing hor- 
mone (GnRH) in an episodic pattern of pulses. GnRH 
is transported through the hypophyseal portal circu- 
lation to the anterior pituitary gland, where it binds to 
its own receptors on a specific pituitary cell type, the 
gonadotrope, to modulate the synthesis and secretion 
of the gonadotropins, luteinizing hormone (LH) and 
follicle-stimulating hormone (FSH). Gonadotropins, 
in turn, are secreted into the systemic circulation 
and act on the testes to regulate spermatogenesis and 
androgen biosynthesis. Gonadal steroids and peptides 
are finally secreted into the systemic circulation and 
act to modulate hypothalamic and pituitary function 
in both positive and negative feedback loops. Such a 
dynamic system achieves homeostasis via axis-specific, 
time-delayed, and dose-responsive feedback and feed- 
forward linkages. 


GnRH 


GnRH is a decapeptide produced in the GnRH neu- 
rons located in the preoptic area and projected to the 
median eminence of hypothalamus. It is released in 
the portal blood in discrete pulses, and the frequency 
and amplitudes of such pulses determine the pattern of 
FSH and LH release from the pituitary. GnRH secre- 
tion is regulated by autocrine, paracrine, and endo- 
crine mechanisms as follows (Table 2.1). 


Male hypothalamic—pituitary— 


Regulation of GnRH secretion 


Autocrine regulation 

GnRH is thought to regulate its own release by means of 
an ultrashort loop feedback mechanism. GnRH agon- 
ists have been shown to reduce GnRH release both in 
vivo [1] and in vitro [2], as a result of the interaction 
with the GnRH receptor (GnRHR), which is expressed 
within the hypothalamus. 

Synchronization of GnRH neuron activity is crit- 
ical for episodic hormone release, but the mechanisms 
for GnRH neuron coordination remain unclear. One 
possible mechanism involves synaptic interactions 
among these cells [3,4], with GnRH itself being impli- 
cated in the mediation of such communication. To 
understand this mechanism, acutely prepared brain 
slices from castrate adult male mice were chosen to 
examine GnRH and non-GnRH (control) neurons 
(Fig. 2.2) for both type 1 GnRHR (GnRHR-1) expres- 
sion and electrophysiological responses to GnRH 
[5]. It was found that a substantial subpopulation of 
adult GnRH neurons expressed GnRHR-I, and that 
the response to activation of this receptor was dose- 
dependent, with low doses inhibiting and high doses 
stimulating firing rate (Fig. 2.3). The reduction in 
firing rate induced by a low-dose GnRH signal sup- 
ported the hypothesis that GnRH exerts an ultrashort 
negative feedback loop upon its own release. On the 
other hand, the increased firing rate seen with high 
doses suggested that autoregulation of GnRH neurons 
would vary depending on the level of GnRH near the 
receptor. GnRH neurons could, therefore, activate 
and suppress their own activity using GnRH itself 
as an intra-GnRH neural network signal, a strategy 
that could have important implications for gener- 
ation of the GnRH surge in addition to the regula- 
tion of pulsatile release. 
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Table 2.1. Regulation of GnRH release 


Modulators 
GnRH-I 


Autocrine regulation 
Ultrashort loop feedback - 


Endocannabinoids Ultrashort feedback - 


GnRH-II - 
IGF-1 - 
Kisspeptin - 
GPR54 
Testosterone - - 
Oestrogens - - 
Neurotensin - - 


Norepinephrine - - 


This hypothesis has been corroborated by evalu- 
ation of the behavior of immortalized GnRH neural 
GT1 cell line in primary culture. Treatment of these 
cells with GnRH agonists altered their pattern of 
GnRH secretion, increasing amplitude and decreasing 
frequency, with a net effect of increasing the amount 
of GnRH release [6-8], while GnRH antagonists 
eliminated pulsatile release and caused an increase in 
basal release, likely due to suppression of GnRH neu- 
ron activity. GT1 cells have been also found to exhibit 
episodic GnRH release in the absence of other cell 
types, a finding that strengthens the hypothesis of an 
autocrine regulation of pulsatile GnRH release. The 
finding that GT1 cells express GnRH receptors, the 
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Testis 


Paracrine regulation 


Fig. 2.1. Schematic overview of feed- 
forward and feedback controls within the 
male hypothalamicpituitary-gonadal 
axis. 


Feed-forward control 


+*+- Feed-back control 


Aromatase 
(brain) 


Aromatase 


“Leydig cells 


Endocrine regulation 


(Stimulatory) role in GnRH-I secretion - 
Enhances GnRH gene transcription - 


Stimulates GnRH release through - 


Restrains activity of the GnRH-LH unit 
Reduces the frequency of GnRH secretion 
Activates GnRH electrical activity 


Activates GnRH electrical activity 


activation of which influences the pattern of pulsatile 
GnRH release by changing pulse frequency and ampli- 
tude [6], is consistent with this proposal. In addition, 
a study performed on hypothalamic tissue removed 
from fetuses of 17-day pregnant Sprague Dawley rats 
demonstrated that pulsatile GnRH secretion can be 
re-established even when all neuronal pathways and 
interconnections within the hypothalamus are dis- 
rupted by dispersion and culture of the hypothalamic 
cell population. The resulting pattern of GnRH secre- 
tion resembled the profile of GnRH release from intact 
hypothalamic explants and that observed in pituitary 
portal blood vessels. Dispersed hypothalamic cells 
were able to retain the ability to form interconnections, 


15 


16 


Chapter 2: Male hypothalamic-pituitary-gonadal axis 


A GnRH responders 
GnRH 


400 pA || | | 


GnRH 


z 
y: 
o 

N] 

o 


GnRH 


Fig.2.2. GnRH inhibits firing rate of a sub- 


GnRH population of GnRH neurons. Representative 


examples of firing rate of GnRH neurons that 


qa | Mimi] |l | responded to GnRH treatment (bar) with (A, 


left and center) reversible inhibition or (A, 
right) inhibition that did not reverse, (B) that 
GnRH did not respond with inhibition, and (C) that 


1.0 1.0 - 1.0 VV were not treated. Vertical lines at the top 
ae Sel ——— of each plot are individual action currents 


Firing rate (Hz) 


` i y » 0 
15 0 5 10 15 0 
Time (minutes) 


0 5 10 
Time (minutes) 


B GnRH nonresponders 
GnRH 


sao UNUNU.. 


GnRH 


GnRH 


1.0 


Firing rate 
te] 
s f 


0 
10 15 0 5 10 15 
Time (minutes) Time (minutes) 


HIT TITIAN 


#20 
a 


5 
Time inute) 


C GnRH neurons, no treatment 


Fingir rate (Hz) 


ire LES 


and continued to generate a neuropeptide secretory 
pattern similar to that observed in vivo. The persist- 
ence of such a pattern, with changes in pulse frequency 
and amplitude, indicated that neuropeptide release 
from a reconstituted neuronal network can occur in 
the absence of inputs from extrahypothalamic neurons 
and peripheral endocrine glands [7]. 

Interestingly, it has been found that GnRH 
neurons could modulate their own GnRH secretion 
through the synthesis of factors other than GnRH 
itself. GnRH neurons, in fact, are able to synthesize 
two different endocannabinoids, anandamide and 
2-arachidonyl monoacylglycerol, as demonstrated 
in immortalized GnRH neurons [9]. Cannabinoids 
have been demonstrated to reduce sperm counts, 
depress serum testosterone level, and suppress serum 
LH level. On the other hand, treatment with the opi- 
oid antagonist naloxone increases, and morphine 
decreases, LH secretion in castrated rams [10,11]. The 
highest levels of expression of cannabinoid receptors in 
the hypothalamus are in the medial preoptic area and 
arcuate nucleus [12]; taken together, these data suggest 
that endocannabinoids may play a role in the ultrashort 
feedback system of GnRH regulation by autocrine or 


5 10 15 
Time (minutes) 


detected,with corresponding scale bar. Graph 
beneath plots represent firing rate in 1-minute 
bins. (Reproduced with permission from: Xu 
Cetal. Dose-dependent switch in response 

of gonadotropin-releasing hormone (GnRH) 
neurons to GnRH mediated through the type 

| GnRH receptor. Endocrinology 2004; 145: 
728-35. Copyright 2004 The Endocrine Society.) 


juxtacrine interactions with cells in close apposition to 
GnRH neurons. 


Paracrine regulation 
In addition to GnRH-I, a second GnRH subtype 
(GnRH-II), originally identified in the chicken hypo- 
thalamus, has been found in humans [13]. This GnRH 
form differs from GnRH-I by three amino acid resi- 
dues at position 5, 7 and 8 (His°-Trp’-Tyr*-GnRH-I). 
Cell bodies of GnRH-II neurons are concentrated in 
the preoptic area and basal hypothalamus, but they can 
also be found in the septal region and anterior olfac- 
tory area as well as the cortical and medial amygdaloid 
nuclei. GnRH-II signals have been localized mainly in 
the periaqueductal region of the midbrain, in the cau- 
date nucleus and, to a lesser extent, in the hippocampus 
and amygdala [14]. 

The role of GnRH-II has not yet been established. 
A role in reproductive behavior has been suggested 
by several studies, due to peptide localization in brain 
areas associated with this function. GnRH-II was 
found, indeed, to bea potent stimulator of reproductive 
behavior in ring doves, song sparrows, and musk 
shrews [15]. Moreover, recent evidence suggests that 
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Fig. 2.3. High doses of GnRH stimulate firing activity in GnRH 
neurons. Representative examples of firing rate of GnRH neurons 
that responded to GnRH treatment (bar) at (A) 200 nM and (B) 

2000 nM. Vertical lines at the top of each plot are individual action 
currents detected. Graph beneath plots represent firing rate in 
1-minute bins. (Reproduced with permission from: Xu C etal. Dose- 
dependent switch in response of gonadotropin-releasing hormone 
(GnRH) neurons to GnRH mediated through the type | GnRH recep- 
tor. Endocrinology 2004; 145: 728-35. Copyright 2004 The Endocrine 
Society.) 


GnRH-II may function similarly in other mammals, 
including humans, to fine-tune reproductive efforts 
with periods of sufficient energy resources [16]. 

GnRH-II was found to be as effective as GnRH-I in 
stimulating LH release both in vivo and in vitro, as well 
as in stimulating FSH release in vitro [17]. The physio- 
logical relevance of this finding is yet to be ascertained. 
Because it seems that GnRH-II most likely exerts its 
physiological action via the established GnRH-I path- 
way, its involvement in the paracrine control of GnRH-I 
secretion has been hypothesized. 

It has been suggested that insulin-like growth 
factor 1 (IGF-1) is involved in the paracrine control of 
GnRH secretion. Indeed, IGF-1 receptors were found 
to be expressed on GnRH-expressing neuronal cell 
line (NLT), where IGF-1 promotes DNA synthesis by 
stimulating hGnRH promoter activities, enhances 
mGnRH mRNA expression, and promotes NLT cells 
proliferation. IGF-1 has been shown to regulate GnRH 
neuronal activities under in-vivo conditions and is 
believed to play an important role in the regulation of 


pubertal development. Moreover, IGF-1 signal is trans- 
mitted to the nucleus to regulate GnRH gene expression 
[references reviewed in 18]. IGF-1 could, therefore, 
directly act on GnRH neurons in the hypothalamus to 
enhance GnRH gene transcription and play a crucial 
role in controlling the onset of puberty. 

Recently it has been proposed that kisspeptin, 
an RF-amide peptide ligand for G-protein-coupled 
receptor 54 (GPR54), may have a role in regulating 
GnRH secretion [19]. Direct measurements showed 
that kisspeptin administration provoked rapid GnRH 
release, with a sharp rise in both GnRH and LH within 
minutes of kisspeptin infusion. Kisspeptin may act 
directly at the level of GnRH neurons, as GPR54 was 
found to be localized in GnRH neurons. Moreover, 
peripheral and central administration of this peptide 
can provoke a robust gonadotropin release. 


Endocrine regulation 

Testosterone is thought to feed back to restrain 
activity of the GnRH-gonadotrope secretory unit. 
Pharmacological amounts of testosterone suppress LH 
release in healthy men, and excessive estrogen deliv- 
ery represses gonadotropin secretion in the human. 
Conversely, selective nonsteroidal antagonists of the 
estrogen or androgen receptor moderately augment 
LH and FSH secretion. 

Studies in rams and in male rhesus monkeys sug- 
gest that testosterone’s predominant site of action is 
within the central nervous system; the employment of 
hypophysiotropic clamp models has confirmed that 
testicular steroids do not act at the pituitary gland to 
suppress the secretion of gonadotropins in male rhesus 
monkeys [20]. 

In rams, testosterone is capable of decreasing the 
secretion of GnRH. Following castration of rams, a 
clear and progressive increase was observed in the 
frequency of GnRH pulses [21], and treatment of 
castrated rams with testosterone decreased the fre- 
quency of GnRH pulses [22,23]. Castration of adult 
male rhesus monkeys resulted in increased secretion 
of LH and GnRH messenger RNA (mRNA) levels in 
the mediobasal hypothalamus, and the testes may 
exert an action at the hypothalamus to inhibit GnRH 
gene expression [24]. 

Studies with aromatase inhibitors suggest that 
aromatization of testosterone to estradiol within the 
brain is an important step in the feedback regulation of 
GnRH secretion. It has been postulated that estrogen 
modulates activity of GnRH neuron activity by using a 
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variety of different mechanisms to regulate the biosyn- 
thetic and secretory activity of the GnRH neurons. In 
terms of estrogen’s stimulatory actions on GnRH neu- 
rons, there is good evidence for at least five different 
neurotransmitter pathways being involved in stimulat- 
ing GnRH secretion at the time of the surge [25]. 

It seems that estrogen orchestrates the activity pat- 
terns of several neurotransmitter systems within the 
GnRH network to bring about the GnRH surge. It 
uses the excitatory amino acids, neurotensin and nor- 
epinephrine, to activate GnRH electrical activity at the 
level of the GnRH cell body, while neuropeptide Y and 
norepinephrine have a similar role within the median 
eminence, presumably on GnRH terminals. Estrogen 
also utilizes the B-endorphin neurons but reduces their 
level of activity to disinhibit GnRH neurons. The neu- 
rotensin input, however, is the only component that 
could be regarded as originating from the anteroven- 
tral periventricular nucleus, the principal site at which 
estrogen is thought to act to initiate the GnRH surge in 
the rat. It is suggested that the very substantial projec- 
tions from the anteroventral periventricular nucleus to 
the arcuate nucleus may represent an important path- 
way through which estrogen coordinates neuropeptide 
Y and -endorphin neurons to help induce the surge. 
The norepinephrine component of the network should 
be regarded as a permissive neuromodulatory ele- 
ment. Each of these interconnected components must 
be functional for the GnRH surge to occur; the acute 
pharmacological disruption of any one will prevent its 
occurrence. The prolonged period of estrogen expo- 
sure required for the GnRH surge to occur is entirely 
consistent with the generation by estrogen of a coordi- 
nated cascade of events mediated by estrogen receptor- 
dependent alterations in gene transcription [25]. 

Estrogen seems to be able to influence GnRH 
pulse generator function. Experiments on brain slice 
preparations demonstrated that estradiol reduces the 
frequency of GnRH secretion and, consequently, LH 
release through a pathway involving GABAergic and 
glutamatergic neurons [26]. Indeed, GABA itself has 
been found to inhibit GnRH secretion in rams [20]. 


Pattern of GnRH secretion 

GnRH is released from the hypothalamus in a pul- 
satile pattern, and the stimulation of gonadotropin 
biosynthesis and secretion by GnRH is dependent on 
the pulsatile nature of GnRH delivery to the anterior 
pituitary. Administration of exogenous GnRH in a 
continuous fashion results, in effect, in the down- 
regulation of gonadotropin subunit mRNA levels and 


of LH and FSH secretion, whereas pulsatile GnRH 
stimulates mRNA levels and secretion [27-29]. In par- 
ticular, LH-B subunit mRNA levels seem to be stimu- 
lated to a greater extent by a GnRH pulse frequency of 
every 30 minutes, while FSH-B subunit mRNA levels 
are stimulated to a greater extent by a lower GnRH 
pulse frequency, every 120 minutes [30]. This variabil- 
ity in GnRH responsiveness seems to correlate, at least 
partially, with the concentration of GnRH receptors on 
the cell surface [31,32]. This may suggest that the dif- 
ferential effects of varying GnRH pulse frequencies on 
gonadotropin subunit gene expression occur directly 
at the level of the pituitary, not involving extrapituitary 
steroid or neuroendocrine factors. 

The frequency and amplitude of GnRH pulses 
secreted by the hypothalamus vary under different 
physiological conditions. It has been postulated that 
the frequency and amplitude of GnRH stimulation 
provide signals for the differential regulation of LH 
and FSH secretion. At higher GnRH pulse frequen- 
cies, LH secretion increases disproportionately more 
than FSH secretion, whereas at lower GnRH pulse 
frequencies, FSH secretion is favored [33,34]. 

The pattern of GnRH pulsatile secretion seems to 
be intrinsic to GnRH neurons. GnRH neurons have 
been found to display rhythmic activity in multiple 
time domains, ranging from burst firing on the order of 
seconds to episodes of increased firing rate that occur 
on the order of many minutes. Analysis of burst-firing 
characteristics revealed a relationship between the 
high-frequencyrhythms (bursts) and thelow-frequency 
rhythms (clusters and episodes). These findings suggest 
a working model in which distinct rhythm generators 
in GnRH neurons interact to produce secretion at inter- 
vals relevant to reproductive function [35]. 

Burst firing has been observed in acutely isolated 
GnRH neurons, indicating that this mode of firing 
is intrinsic. Furthermore, in other neuroendocrine 
systems, burst firing has been positively correlated 
with hormone release. A burst can thus be considered 
the fundamental unit of activity of a GnRH neuron. 

Estradiol has been found to produce the increase 
in episode interval by reducing the frequency with 
which interburst interval is altered [35]. Estradiol may 
alter the low-frequency rhythm, which in turn affects 
patterning but not the other characteristics of the 
high-frequency rhythm. Such a differential sensitivity 
to estradiol supports the notion that multiple distinct 
rhythm generators exist in GnRH neurons. In addition 
to influences such as steroids arising external to the 
GnRH neurosecretory network, rhythms intrinsic to 
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individual GnRH neurons could also be modulated 
by interactions among GnRH neurons. In this regard, 
rhythms emerging from networked cells have been 
shown to differ from those of isolated component cells. 


Gonadotropins 

Gonadotropins FSH and LH are glycoproteins consist- 
ing of a common a subunit and a hormone-specific B 
subunit that are associated through noncovalent inter- 
actions. While the 6 subunits determine the functional 
specificity of gonadotropins, their intrinsic bioactivity is 
toa great extent determined by their degree of glycosyla- 
tion. Weakly glycosylated forms of the hormones have a 
short circulatory half-time, and although totally degly- 
cosylated gonadotropins are able to interact with their 
cognate receptor, they are unable to evoke generation of 
the second messenger signal [36]. Since gonadotropins 
are secreted from the pituitary as a mixture of differ- 
ently glycosylated isoforms, with composition varying 
according to the physiological state, it is reasonable to 
hypothesize that the intrinsic bioactivity of gonadotro- 
pins is one variable determining their overall function. 

Gonadotropinsareessentialforspermatogenesisand 
secretion of testicular androgens. Lackofgonadotropins 
results in suppression of spermatogenesis, as demon- 
strated by hypophysectomy, by GnRH immunization, 
and by GnRH analog treatment. Both FSH and LH play 
an important role in regulating spermatogenesis. FSH 
seems to be essential to promote spermatogenesis in 
men, as four men identified with inactivating FSH-B 
mutation were found to be azoospermic [37-39]. The 
integrity of FSH receptors is also a prerequisite for intact 
spermatogenesis, as inactivation of FSH receptor genes 
was found to lead to a variable degree of spermatogenic 
failure and infertility [40], while targeted disruption of 
FSH receptor genes has clearly demonstrated that FSH 
signaling is required for maintaining normal testicular 
size, seminiferous tubular diameter, sperm number, 
and sperm motility [41]. 

FSH increases spermatogonial number and matu- 
ration of spermatocytes, including meiosis, but it is 
unable to complete spermatogenesis. LH participates 
in regulating spermatogenesis by stimulating the syn- 
thesis of testosterone, which plays an essential role in 
spermatid maturation. It has been found, indeed, that 
total functional inactivation of LH caused arrest of 
spermatogenesis and absence of Leydig cells in men 
with mutation of the LH- gene, while treatment with 
human chorionic gonadotropin (hCG) resulted in 
onset of spermatogenesis [42]. 


LH is essential for testosterone secretion by Leydig 
cells. A permissive role of FSH is postulated, as FSH- 
stimulated Sertoli cells secrete IGF-1, which acts in an 
autocrine and paracrine fashion to induce LH recep- 
tors and enhance proliferation and steroidogenesis in 
mouse Leydig cells [43,44]. As a matter of fact, in mice 
with targeted deletion of IGF-1, Leydig cells remain 
functionally immature with a decline in steroidogenic 
capacity [45], and neutralization of FSH in the EDS- 
treated rat model results in a reduction of serum testos- 
terone and in-vitro testosterone production, as well as 
in a significant reduction in steady mRNA concentra- 
tion of steroidogenic acute regulatory protein (StAR), 
LH receptor, and IGF-1 [46]. 

An episode of LH secretion induced by GnRH 
results in stimulation of the side-chain cleavage enzyme 
with the subsequent release of testosterone within 
30-60 minutes of LH stimulation [47]. This testoster- 
one response lasts approximately 24-48 hours [48]. It 
has been observed that between 24 and 48 hours after 
an LH or hCG injection, Leydig cells are refractory to 
further stimulation by either hormone. This phenome- 
non is thought to be mediated by the inhibition of C 
liase and 17a hydroxilase activity. 
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Regulation of gonadotropin secretion 
Regulation of gonadotropin secretion in the human 
involves a complex interplay between feed-forward 
stimulation by GnRH from the hypothalamus, feed- 
back control by sex steroids and inhibin from the tes- 
tes, and, probably, autocrine/paracrine modulation by 
other factors within the pituitary. 


Feed-forward regulation 

GnRH stimulates in vitro the synthesis of gonadotro- 
pin subunits and increases a, LH-B, and FSH- subunit 
mRNA levels as well as the transcriptional activity of 
corresponding gene promoters. Individual gonado- 
tropin genes respond differentially to the frequency of 
GnRH pulses: low frequencies (one stimulus every two 
or four hours) appear to preferentially increase FSH-B 
mRNA levels whereas higher frequencies preferen- 
tially stimulate LH- mRNA, but permanent exposure 
to GnRH leads to a more or less rapid depletion of both 
FSH- and LH-B mRNA in a manner that suggests a 
rapid transcription arrest followed by RNA degrada- 
tion [49]. It seems that specific mechanisms differen- 
tially regulate the expression of three genes within a 
single cell. These may involve not only GnRH recep- 
tor signaling but also an indirect modulation by ster- 
oids or members of the transforming growth factor 6 
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superfamily, activin and inhibin. Indeed, these sub- 
stances, as well as follistatin, a polypeptide that binds 
and functionally incapacitates activins, are produced 
in the anterior pituitary and seem to be involved in the 
paracrine/autocrine regulation of FSH secretion. It is 
unclear, however, if their action could explain the exist- 
ing divergence between FSH and LH secretion under 
GnRH stimuli. 


Feedback regulation 
Testicular steroids play a crucial role in the feedback con- 
trol of gonadotropin secretion. It has been established 
that testosterone’s action at the pituitary level can be dir- 
ect (mediated by its binding to the androgen receptor) as 
well as indirect, mediated by aromatization to estrogens 
and binding to pituitary estrogen receptors. 
Testosterone seems to exert a direct feedback 
control of LH secretion, while its action on FSH 
secretion is mostly indirect. Selective suppression of 
estradiol secretion with an aromatase inhibitor results 
ina significant increase in both gonadotropins, with the 
increase in LH approximating that in FSH (Fig. 2.4).On 
the other hand, suppression of both testosterone and 
estradiol to castrate levels using ketoconazole (Fig. 2.5) 
causes an increase in LH three times greater than FSH 
[50]. Men with estradiol receptor mutations and con- 
genital aromatase deficiency have a two- to threefold 
increase in FSH despite elevated testosterone levels, 
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Fig. 2.4. Changes in gonadotropin concentrations in normal 

men in response to anastrozole (left panels) and ketoconazole 
(right panels). Individual and mean 6 SEM data are depicted for 
subjects before and after selective E, suppression by aromatase 
blockade [E,(2), T(1)] and after biochemical castration [E,(2), T(2)]. 
Asterisks represent a significant change from baseline: **, P< 
0.0005. (Reproduced with permission from Hayes FJ et al. Differential 
regulation of gonadotropin secretion by testosterone in the human 
male: absence of a negative feedback effect of testosterone on 
follicle-stimulating hormone secretion. J Clin Endocrinol Metab 2001; 
86: 53-8. Copyright 2001 The Endocrine Society.) 


similar to increases observed in studies employing aro- 
matase inhibitors. Similarly, adult male mice with tar- 
geted disruption of the aromatase Cyp19 gene exhibit 
elevated levels of gonadotropins despite high circu- 
lating testosterone concentrations. Patients with con- 
genital androgen insensitivity syndrome (AIS) have 
normal or minimally elevated FSH despite markedly 
elevated LH levels, and treatment with clomiphene has 
been shown to exert similar effects on FSH secretion in 
these men compared with normal men. Finally, admin- 
istration of nonaromatizable androgens, such as DHT 
or fluoxymesterone, has been shown to have no impact 
on FSH secretion except at very high doses [references 
reviewed in 50]. 

A number of studies have demonstrated the pitu- 
itary site of estrogen feedback action. Patients with 
isolated GnRH deficit were shown to have increased 
gonadotropin levels after aromatase treatment [51], 
and in men with estrogen resistance or aromatase defi- 
ciency, serum gonadotropins were found elevated or 
at the upper limit of the normal range despite normal 
or elevated serum testosterone levels, indicating that 
aromatization of testosterone to estradiol is required for 
normal functioning of gonadotropin feedback [52-54]. 

Estradiol inhibits LH secretion by decreasing LH 
pulse amplitude and LH responsiveness to GnRH, con- 
sistent with a pituitary site of action. Administration 
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Fig.2.5. Changes in Tand E, in normal men in response to 
anastrozole (left panels) and ketoconazole (right panels). Individual 
and mean 6 SEM data are depicted for subjects before and after 
selective E, suppression by aromatase blockade [E,(2), T(1)] and after 
biochemical castration [E,(2), T(2)]. Asterisks representa significant 
change from baseline: *, P < 0.05; **, P < 0.0005. To convert the 
values for T to nanomoles per L, multiply by 0.03467. To convert the 
values for E, to picomoles per L, multiply by 3.671. (Reproduced 
with permission from Hayes FJ etal. Differential regulation of 
gonadotropin secretion by testosterone in the human male: 
absence of a negative feedback effect of testosterone on follicle- 
stimulating hormone secretion. J Clin Endocrinol Metab 2001; 86: 
53-8. Copyright 2001 The Endocrine Society.) 
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of antiestrogens to normal men results in an increase 
in LH pulse frequency [51]. In men, pharmacological 
infusions of estradiol and pathological hyperestrogen- 
ism tend to blunt spontaneous LH pulse amplitude and 
bolus GnRH-stimulated LH release without repressing 
LH pulse frequency, while administration of nonster- 
oidal estrogen-receptor antagonists does augment LH 
pulse frequency [55]. 

Estrogen does not fully account for the negative 
feedback regulation of FSH secretion. The existence 
of a testicular, nonsteroidal, endocrine factor control- 
ling FSH secretion was first postulated in 1932, when 
the inhibin family was discovered and characterized. 
At least two forms of inhibin, inhibin A and inhibin 
B, exist, and they share a common a subunit linked 
by disulfide bonds to different 6 subunits, which are 
termed BA and BB. Inhibin A is a dimeric protein con- 
sisting of aBA, whereas inhibin B consists of aBB. The 
testes are the principal source of circulating inhibin, 
and within the testes, Sertoli cells are generally agreed 
to be the predominant site of inhibin production. The 
principal form of circulating inhibin in men is inhibin 
B, and the inverse relationship between circulating 
inhibin B and FSH suggests that this is the physiologi- 
cally relevant form involved in the testicular regulation 
of FSH secretion. 

The importance of inhibin B in feedback regu- 
lation of FSH regulation in males has been clearly 
demonstrated in animal studies. Treatment of cas- 
trated rams with a physiological dose of testosterone 
decreased FSH plasma concentrations by approxi- 
mately only 15%. Moreover, in castrated rams infused 
for 12 hours with a dose of human recombinant (hr) 
inhibin that resulted in the plasma inhibin concen- 
trations found in intact rams, FSH plasma concentra- 
tions were reduced to values similar to those found 
in intact rams. This result was achieved without any 
effect on LH secretion. Furthermore, administration 
of hr-inhibin to castrated hypothalamo-pituitary 
disconnected rams treated with GnRH pulses sup- 
pressed FSH plasma concentrations, demonstrating 
that the negative feedback actions exerted on FSH 
occur at pituitary gland level. Administration of tes- 
tosterone and charcoal-extracted porcine follicular 
fluid as a source of inhibin to hypophysiotropically 
clamped adult male rhesus monkeys maintained cir- 
culating FSH concentrations at the intact level fol- 
lowing castration. Passive immunization against the 
a subunit of human inhibin resulted in increased 
FSH secretion, with no effect on LH or testosterone, 
in hypophysiotropically clamped juvenile rhesus 


monkeys infused intermittently with GnRH and in 
normal intact male rhesus monkeys. Finally, in hypo- 
physiotropically clamped juvenile rhesus monkeys, 
treatment with hr-inhibin A alone (and in combi- 
nation with testosterone) held circulating FSH and 
FSH-B mRNA at control levels following castra- 
tion, whereas testosterone alone did not restrain the 
post-castration rise in FSH synthesis and secretion 
[references reviewed in 20]. 

Similar results have been obtained in human 
males. Selective ablation of sex steroids in men 
resulted in a modest increase in FSH levels, which 
remained within the normal adult male range [56]. 
In subjects with primary gonadal failure, sex steroid 
administration alone failed to reduce FSH levels to the 
normal range, and in normal men treated with keto- 
conazole no significant change was observed in FSH 
levels, whereas LH levels were elevated [56]. Finally, 
chemotherapy-induced testicular damage produces a 
decrease in inhibin B level with a consequent rapid 
increase in FSH level [57]. 


Pattern of gonadotropin secretion 
Direct monitoring of hypothalamic-pituitary portal 
blood in the rat, sheep, and monkey has demonstrated 
that secretory bursts of GnRH are followed uniformly 
bya slightly time-delayed pulse of LH secretion. GnRH 
release from the hypothalamus into the portal circula- 
tion is episodic rather than continuous, which in turn 
causes LH to be released in a series of secretory bursts, 
resulting in intermittently elevated LH concentrations 
in the blood (Fig. 2.6). The amplitude of such serum LH 
concentration peaks in healthy men ranges from 35% 
to 270% (increase from nadir to peak). Although LH 
pulses do not exhibit strictly regular periodicity, they 
typically occur in an ultradian fashion, with a mean 
frequency in men of approximately one event per hour 
or one every 90-120 minutes [58]. 

Pulsatile LH concentrations bathing Leydig cells in 
the testes in turn stimulate testosterone secretion in a 
dose-dependent manner. Some evidence suggests that 
LH and testosterone levels show circadian variations, 
with maximal hormone concentrations occurring 
during the later portion of nighttime sleep. In gen- 
eral, the amplitude of LH pulses tends to vary inversely 
with event frequency and to be maximal at night, but 
mean daily serum LH and testosterone concentrations 
remain within a relatively narrow physiological range, 
probably reflecting homeostatic feedback control. In 
young men, serum LH and testosterone concentrations 
are cross-correlated, reflecting LH’s dose-dependent 
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Fig. 2.6. Serum luteinizing hormone (LH) concentrations (mean 

of duplicates) measured by radioimmunoassay in blood col- 

lected at 1-minute intervals over 24 hours in a healthy young adult 

male. Deflections above the data are cluster-identified LH pulses. 

(Reproduced with permission from Bergendahl M etal. Current 


concepts on ultradian rhythms of luteinizing hormone secretion in 
the human. Hum Reprod Update 1996; 2: 507-18.) 


feed-forward action on Leydig cell testosterone bio- 
synthesis as well as testosterone’s negative feedback 
on GnRH-LH secretion. Reduction or removal of 
testosterone’s negative-feedback signal via an andro- 
gen-receptor antagonist or an inhibitor of Leydig cell 
steroidogenesis increases the frequency and amplitude 
of pulsatile LH release. Conversely, continuous intra- 
venous infusion of testosterone in steroidogenesis- 
inhibited men suppresses pulsatile LH release by 
reduced LH (and presumptively GnRH) pulse fre- 
quency with escape of occasional higher-amplitude LH 
pulses [references reviewed in 59]. 

Evaluations performed on blood samples collected 
from the peripheral and hypophyseal portal circula- 
tion of ovariectomized ewes have shown that FSH is 
secreted in two modes: tonic (basal secretion) and epi- 
sodic. The episodic mode of secretion included both 
GnRH-associated and non-GnRH-associated episodes 
of FSH secretion [60]. Unlike LH, which is secreted 
primarily in pulses, the predominant mode of FSH 
secretion is basal. Previous findings demonstrated 
that circulating FSH concentrations remain detectable 
for several days in sheep after interruption of hypothal- 
amic inputs to the pituitary and in hypophysectomized 
rats [61], and continues to be secreted in long-term 
pituitary cultures while LH secretion declines [62]. 
Almost all of the GnRH pulses in this study were asso- 
ciated with FSH pulses. Such a close relationship was, 
however, not evident when FSH pulses were identified 
in the peripheral circulation. The very discrete nature 
of the GnRH-associated bursts of FSH in the hypophys- 
eal portal blood and the close time-lag relationship 
between GnRH and FSH suggest that the primary fac- 
tor responsible for induction of the GnRH-associated 
pulses of FSH is GnRH. It is interesting to note that 


secretory excursions of FSH were also identified in 
the absence of detectable GnRH pulses. Furthermore, 
many of the GnRH-associated pulses of FSH them- 
selves appeared to develop on top of a previously elic- 
ited episode of FSH release. 


Testicular factors 

Testes participate in the feedback regulation of the HPG 
axis through the synthesis and secretion of steroids and 
peptides, chiefly testosterone and inhibin B, whose role 
and action have been spelled out in the previous sec- 
tions of this chapter. Recently other factors have been 
evaluated and their contribution to the feedback regu- 
lation of the HPG axis has been postulated. 


Testosterone 

Testosterone is synthesized from cholesterol through 
a series of enzymatic transformations that occur in the 
Leydig cell mitochondria and microsomes through the 
activation of cholesterol ester hydrolase by LH. The 
rate-limiting step in steroidogenesis is the transfer of 
cholesterol to the inner mitochondrial membrane for 
bioconversion to pregnenolone by the cytochrome 
P450 side-chain cleavage enzyme. LH feed-forward 
activity is crucial for spermatogenesis, as the gonado- 
tropin stimulates the labile regulatory protein StAR, 
which in turn activates cytochrome P450. Moreover, 
LH increases the association between cholesterol and 
cytochrome P450. Pregnenolone is converted to tes- 
tosterone through the A4 pathway (pregnenolone > 
progesterone — 17a-hydroxyprogesterone — andro- 
stenedione) or through the A5 pathway (pregnenolone 
— 17a-hydroxypregnenolone — dehydroepiandros- 
terone — 5-androstenediol), A5 being the predomin- 
ant pathway in men. 

Testosterone is the main secretory product of the 
testis, the daily production rate being 5-7 mg in men. 
As the testicular content of testosterone in adult men 
is approximately 50 mg/testis, it is assumed that tes- 
tosterone is continuously produced and released into 
the circulation. Testosterone is transported in plasma 
bound to albumin or to sex hormone-binding globu- 
lin, and approximately only 2% of total testosterone 
circulates freely in blood. 

Testosterone plasma levels are strictly correlated 
to LH levels. Individual LH pulses in peripheral blood 
were found to precede testosterone pulses in the sper- 
matic vein by 80 minutes, with a consequent strongly 
positive correlation among their levels in the spermatic 
vein. This correlation suggests the existence of a feed- 
forward relationship between LH and testosterone, 
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which in turn reflects pituitary LH drive of testoster- 
one secretion by gonadal Leydig cells [63]. On the 
other hand, the increase in testosterone level leads to 
a quite prompt (60-minute delay) decrease in LH level, 
due to the feedback interplay within the GnRH-LH- 
testosterone axis. 

These findings have been validated by the employ- 
ment of a specific GnRH-receptor antagonist peptide, 
which reduced LH and testosterone concentrations 
during the subsequent 8-10 hours, with values greater 
than 65% suppressed for an additional 15 hours. 
Repeated LH injections increased total testoster- 
one concentrations from the suppressed nadir of less 
than 120 ng/dL to a predicted asymptotic plateau of 
611 ng/dL at a half-time of 97 minutes [64]. 


Inhibin B 


Inhibin is a glycoprotein hormone secreted by the 
Sertoli cells composed of an a subunit disulfide-linked 
to one of two B subunits, the BA subunit to form inhibin 
A or the BB subunit to form inhibin B. Its testicular 
origin was demonstrated when its levels were found 
to be undetectable in agonadal men and to be signifi- 
cantly lower than normal in men with other testicular 
disorders [65]. 

Immunocytochemical investigation demonstrated 
the presence of inhibin a subunit in both Sertoli cells 
and Leydig cells but notin the germ cells of adulthuman 
testes with normal or altered spermatogenesis. BB sub- 
unit was immunolocalized in pachytene spermatocytes 
to round spermatids as well as in Leydig cells but not 
in Sertoli cells in testes with normal spermatogenesis 
and with spermatogenic arrest. In testes with Sertoli 
cells only, 8B subunit was localized only in Leydig cells 
[66]. These findings suggest that germ cells could dir- 
ectly contribute to inhibin B production. As a matter of 
fact it was observed that inhibin B concentrations fall 
to undetectable levels following loss of all germ cells 
in men after chemotherapy or radiotherapy, and simi- 
lar results were obtained in the irradiated nonhuman 
primate model. Moreover, a direct positive correlation 
between inhibin B and sperm concentration in normal 
men is noted, and studies in which serum inhibin B 
levels were related to the histologic pattern of testicu- 
lar biopsies have confirmed that inhibin B levels are 
reduced in men with severe spermatogenetic defects 
[references reviewed in 66]. 

The localization of a and BB subunits in the Leydig 
cells could suggest that Leydig cells could contribute 
to inhibin B production. However, it has been demon- 
strated that LH (or hCG) does not stimulate inhibin B 


production in hypogonadal as well as in normal men 
[67,68]. It is reasonable to think, therefore, that Leydig 
cells simply participate in the regulation of inhibin 
production by Sertoli cells. 

Secretion of inhibin B is controlled by many fac- 
tors including gonadotropins and intrinsic factors 
involving Sertoli, Leydig, and germ cells. It is recog- 
nized that there is a reciprocal relationship between 
plasma FSH and inhibin B levels. This relationship 
is not modified in infertile men as it is in fertile men, 
as demonstrated by the evaluation of plasma levels of 
inhibin B and its bio-inactive precursors [69]. That FSH 
stimuli are required for inhibin B secretion has been 
confirmed by studies evaluating men with acquired 
hypogonadotropic hypogonadism, whose inhibin B 
levels were markedly below those of normal men but 
were promptly restored by recombinant FSH admin- 
istration. In contrast, recombinant LH treatment was 
found to be ineffective [67]. 

There are two discrete developmental periods in 
which there is a rise in FSH secretion leading to an 
increase in inhibin B levels [70]. The first period of 
increased circulating levels of inhibin B occurs follow- 
ing the rise in gonadotropins seen during the first year 
of infancy. The further decline in gonadotropin levels 
accompanied by an increase in inhibin B suggests that 
maturation of a feedback inhibitory system occurs. 
Once inhibin B secretion is initiated and brought 
within the normal range, the maintenance of inhibin B 
until the onset of puberty seems to be independent of 
further gonadotropin stimulation. Inhibin B decreases 
gradually to a nadir at 6-10 years of age, then increases 
rapidly in early adolescence to reach a new plateau at 
12-17 years [71]. The second cycle of FSH secretion, 
followed by inhibin B secretion and suppression of 
FSH production, occurs with the onset of puberty in 
males [70,71]. Inhibin B increases progressively from 
pubertal stages G1 to G3 but then decreases slightly at 
stages G4 to G5 [71]. At puberty there is active mitotic 
division with spermatogonial maturation and accumu- 
lation of germ cells undergoing spermatogenesis lead- 
ing to an increase in testicular size. During this period 
there is also a dramatic rise in FSH and LH and a sharp 
increase in the circulating levels of inhibin B. Before the 
initiation of puberty, the Sertoli cell is the predominant 
cell type within the seminiferous tubules, while germ 
cells prevail over the Sertoli cells in adult testis. This 
scenario may be required for maintenance of inhibin 
B secretion and FSH suppression before puberty. The 
integrity of Sertoli cells but not of germ cells, indeed, 
is required for inhibin B secretion, as demonstrated 
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by lack of modification of acute inhibin B response 
to FSH during spermatogenesis suppression by com- 
bined testosterone and depot medroxyprogesterone 
acetate administration for hormonal contraceptive 
purposes [72]. 


Insulin-like growth factor 1 (IGF-1) 

The testis is a site of IGF-1 biosynthesis and action. 
IGF-1 mRNA, protein, and specific IGF-1 receptors are 
present in the testis and have been identified in Leydig 
cells, peritubular cells, and spermatocytes. LH and hCG 
stimulate IGF-1 secretion and up-regulate type I IGF-1 
receptor gene expression in rodent Leydig cells. IGF-1 
stimulates the proliferation of Leydig cell precursors, 
and pretreatment of these cells with LH augments the 
mitogenic effect. As a matter of fact, IGF-1 null mutant 
mice have fewer and smaller Leydig cells than normal, 
and lower serum T levels in adulthood [73], and mice 
with a targeted gene deletion of IGF-1 had an abnormal 
pattern of Leydig cell proliferation and differentiation 
and attenuated testosterone production in response to 
LH stimulation [74]. These data suggest that IGF-1 is 
required for establishment of normal numbers of adult 
Leydig cells and steroidogenic function. 

Evidence in IGF-1 null male mice suggests that LH 
is unable to produce a sufficient signal for adequate 
testosterone production in the absence of IGF-1. 
IGF-1 null male mice show, indeed, unaltered basal 
and LH-stimulated testosterone levels. However, while 
LH increases testosterone production in wild-type 
testes, neither IGF-1 nor LH treatment can stimulate 
testosterone production beyond basal levels in mutant 
mice. The lack of response to LH probably is related 
to the decrease in testicular LH receptors observed in 
these mice. Only the combination of LH plus IGF-1 
is able to increase testosterone production in mutant 
testes, but the response is significantly attenuated rela- 
tive to wild-type animals [75]. 

The proliferative effects of IGF-1 on Leydig cells 
are potentiated by LH at low concentrations. Taken 
together, the evidence supports the conclusion that 
IGF-1 and LH act in concert to facilitate Leydig cell 
proliferation and differentiation. 


Transforming growth factor B (TGF-8) 

TGF- family peptides have been shown to be present 
in the testis. TGF-61 has been reported to be a modula- 
tor of hormone formation in both cultured Leydig and 
Sertoli cells, and of contractility, shape, and organiza- 
tion of peritubular myoid cells. In TGF-62-deficient 
mice, testis hypoplasia, cryptorchidism, and ectoplasia 


were observed. Overproduction of TGF-B1 may also 
affect the testis with atrophy of the gonad and thick- 
ened tubular basement membranes [76]. 

The positive regulatory action of LH/hCG on 
TGF-B receptor expression in Leydig cells has been 
demonstrated using porcine Leydig cells [76]. Other 
evidence suggests that TGF-B antagonizes LH/hCG 
steroidogenic action in Leydig cells [77,78]. These 
data, together with the demonstration that LH 
increases the expression of functional TGF-f recep- 
tors, and thus potentially TGF-6 action, may suggest 
the existence ofa short loop between the hormone and 
the growth factor at the Leydig cell level. LH may use 
the TGF- system to end or reduce its own steroido- 
genicaction or that of other growth factors that enhance 
LH-stimulated steroid hormone production in Leydig 
cells, such as epidermal growth factor/TGF-a and 
IGF-1. In fact, it has been shown that TGF-6 antag- 
onizes the stimulatory action of epidermal growth 
factor/TGF-a [79] and IGF-1 [80] on LH-induced 
testosterone formation. Such interactions between 
the growth factors and the gonadotropin may occur 
to modulate the intratesticular levels of testosterone 
required for correct spermatogenesis. 


Other factors 


It has been hypothesized that corticotropin-releasing 
hormone (CRH) may have direct inhibitory effects on 
steroidogenesis. In-vitro studies showed that CRH acts 
rapidly in the fetal and adult rat Leydig cell to exert 
highly effective negative autoregulation of the Leydig 
cell steroidogenic response to the LH stimulus [81]. 

Interleukin la (IL-la) has been demonstrated 
to exert both inhibitory and stimulatory effects on 
steroidogenesis by Leydig cells. Recent studies have 
revealed that the effect exerted by IL-1a in this con- 
text depends on the stage of maturation of the Leydig 
cells, and that it is mediated by stimulation of StAR. 
Stimulation of the expression of StAR in immature 
Leydig cells by IL-1a is dose- and time-dependent. The 
proposed sources of constitutive production of IL-la 
in the testis are the Sertoli cells [82]. 

Growth hormone (GH) plays a role in gonadal ster- 
oidogenesis and gametogenesis, exerting endocrine 
action either directly at gonadal sites or indirectly via 
IGF-1. In male subjects, congenital GH deficiency 
may result in a delay in the onset of puberty, and it has 
also been associated with decreased sperm counts and 
motility and reduced testicular size. In addition, GH 
influences Leydig cell steroidogenesis by increasing the 
expression of several genes that code for steroidogenic 
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enzymes, including 3B-hydroxysteroid dehydrogenase, 
and by regulating the secretion of IGF-1 [82]. 


Conclusions 

The male hypothalamic-pituitary-gonadal axis is a 
complex, dynamic, finely controlled, and tightly regu- 
lated system operating at multiple levels (endocrine, 
paracrine, and autocrine). 

GnRH secretion is modulated by several factors, 
including GnRH itself by means of an ultrashort loop 
feedback, and with the important contribution of tes- 
tosterone through its aromatization to estrogens. The 
fine control of GnRH secretion is required for the 
appropriate feed-forward regulation of FSH and LH, 
which respond differently to different frequencies and 
amplitudes of GnRH release. 

LH is released in a pulsatile manner; its interac- 
tion with Leydig cells, most likely mediated by IGF-1 
and TGF-B, is followed by a prompt rise in testoster- 
one level, which in turn, together with its aromatase- 
derived products, decreases the release of LH itself. 

FSH secretion is predominantly tonic (basal), but 
GnRH-associated and non-GnRH-associated episodes 
of FSH secretion are observed. A stable FSH level is 
achieved through the feedback control of estrogens and 
inhibin B; the latter peptide is secreted by germ cells, 
and its secretion is controlled by FSH and by intrinsic 
factors involving Sertoli, Leydig, and germ cells. 

Understanding of such dynamics represents the 
correct approach to the diagnosis and treatment of dis- 
orders of the male reproductive system. 
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Introduction 

Androgens are the predominant reproductive hor- 
monesinthe male; testosteroneis the primaryandrogen 
in the circulation. In all mammalian species studied 
to date, testosterone is by far the predominant bioac- 
tive androgen within the testis. In the rat, for exam- 
ple, the concentration of 5a-dihydrotestosterone is 
only 5% that of testosterone [1]. Testosterone also has 
been shown to be the major androgenic steroid in the 
human testis [2]. It is well established that testoster- 
one is essential for normal spermatogenesis; reduced 
intratesticular levels can result in oligospermia or 
azoospermia [2]. Among the known causes of male 
infertility, about 50% might be correctable with ther- 
apy, perhaps including the administration of testoster- 
one so as to increase intratesticular concentrations [2]. 
However, the introduction of in-vitro fertilization by 
intracytoplasmic sperm injection has made it possible 
for couples who previously were labeled “sterile” due to 
male-factor infertility to have offspring without ther- 
apy. In some ways this is unfortunate, because there are 
disadvantages to this method of management, includ- 
ing its high cost and incidence of multiple gestations. 
Moreover, the use of assisted reproductive technolo- 
gies for treatment of male-factor infertility transfers 
all of the risks of intervention from the partner with 
an abnormality to his spouse. The importance of tes- 
tosterone also is apparent from studies showing that 
its perturbation by chemicals in the environment may 
be involved in developmental anomalies in the male 
reproductive tract in wildlife and declining sperm 
counts in humans [3,4]. 

Leydig cells, located in the interstitial compart- 
ment of the mammalian testis, are the primary tes- 
tosterone-producing cells in males. Adult Leydig cells 
emerge at puberty, and most persist thereafter without 
turning over [5]. Recently, the origin of Leydig cells 
has been clarified by the identification of stem Leydig 
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cells from the testes of postnatal day 7 Sprague 
Dawley rats that were shown to self-renew under spe- 
cific conditions or to differentiate into Leydig cells 
under other conditions [6]. In rodents, the differenti- 
ation of progenitor Leydig cells from the stem Leydig 
cells, which occurs between postnatal days 10 and 14 
[6-9], signals the beginning of the Leydig cell lineage. 
By approximately day 28 postpartum, the progenitor 
Leydig cells begin to transition into immature Leydig 
cells [8-11], and these cells then divide once or twice 
and differentiate into testosterone-secreting adult 
Leydig cells. With aging, progressive decreases in 
serum concentrations of testosterone occur in both 
men [12] and rodents [13-18]. In men, these decreases 
are associated with significant health consequences, 
including reduced sexual function, energy, muscle 
function, and bone density, and increased frailty and 
cognitive impairment [12,19,20]. Figure 3.1 illustrates 
this sequence of events in the human male. 

In this chapter, we first will discuss the development 
of the adult population of Leydig cells from the stem 
cell precursor through the progenitor and immature 
Leydig cell stages. We then will address what currently 
is understood about the regulation of adult Leydig cell 
steroidogenic function. Finally, we will discuss our 
understanding of the mechanisms that account for the 
reduced steroidogenesis that occurs with Leydig cell 


aging. 


Development of the adult population 
of Leydig cells 
Fetal Leydig cells 


Leydig cells are the primary source of testosterone 
in the male. There are two separate Leydig cell gen- 
erations that develop successively in the testis between 
embryogenesis and puberty. In rats, the first gener- 
ation, the fetal Leydig cells, differentiate from stromal 
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Fig. 3.1. Relative numbers of Leydig cells (dotted line) and levels of serum testosterone (solid line) in the human male throughout life. There 
are three peaks in serum testosterone: the fetal peak induces male sexual differentiation; the neonatal peak at 2-3 months of life hormonally 
imprints the hypothalamus, liver, and prostate so that they respond appropriately to androgen later in life; and the pubertal rise at the 
beginning of the second decade elicits the development of secondary sexual characteristics and supports spermatogenesis during 
adulthood. Serum testosterone levels are maintained at 6 ng/mL during adulthood and decline with aging. (Modified from Adashi EY, et al. 
Reproductive Endocrinology, Surgery, and Technology. Philadelphia, PA: Lippincott-Raven, 1996, Chapter 25. Used with permission.) 


cells between the nascent testis cords during gestation. 
Once formed, fetal Leydig cells are terminally differ- 
entiated and fully competent to produce testosterone. 
The majority of fetal Leydig cells dedifferentiate or 
undergo apoptosis after birth [10,21], and therefore 
are unlikely to contribute significantly to postnatal 
steroidogenesis. 

The morphogenetic events of early testis differ- 
entiation are controlled by the Sry (sex-determining 
region on the Y chromosome) gene. The Sry gene 
product, a nuclear transcription factor, acts in con- 
cert with other transcription factors, including WT-1, 
SOX-9, and DAX-1, to initiate male sexual differentia- 
tion [22,23]. Differentiation of fetal Leydig cells is one 
of the downstream events of Sry signaling. Fibroblastic 
cells in the testis interstitium become identifiable as 
fetal Leydig cells by day 12.5. Recent studies by Capel 
and others have shown that the morphogen DHH 
(Desert Hedgehog) and platelet-derived growth fac- 
tor a (PDGFa) induce the fibroblastic cells to express 
P450 side-chain cleavage enzyme (CYP11A1) on day 
12.5 [24-26]. 

The origin of the fetal Leydig cells is a subject of 
ongoing debate. The most widely held view has been 
that mesenchymal cells of the mesonephros, originally 
derived from embryonic mesoderm, migrate into the 
testis and furnish a source of fetal Leydig stem cells 
[27]. Capel and colleagues, however, have reported that 
interference with the mesonephric migratory process 
does not perturb the eventual differentiation of fetal 
Leydig cells [24], and have proposed that their stem 
cells move in from the coelomic epithelium overlying 


the developing gonad [25]. Neural crest cells provide 
another potential source of fetal Leydig stem cells [28]. 
The neural crest is an ephemeral body that extends 
along the rostrocaudal axis of the developing verte- 
brate embryo. Formed during neurulation, the migra- 
tory neural crest cells give rise to most of the peripheral 
nervous system, facial skeleton, and numerous other 
derivatives throughout the embryo, including neu- 
roendocrine cells and possibly fetal Leydig cells. 

Fetal Leydig cell function appears to be inde- 
pendent of luteinizing hormone (LH). For example, 
these cells function normally in hypogonadal mice that 
lack endogenous circulating gonadotropins, and also 
in LH receptor knockout (LHRKO) males that do not 
have functional LH receptors [29-33]. Steroidogenic 
factor 1 (SF-1), a nuclear transcription factor that is 
produced under the direction of SRY, is reported to 
direct fetal Leydig stem cells towards the steroidogenic 
lineage by inducing the expression of the cytochrome 
P450 steroidogenic enzymes [26,34,35]. SF-1 also pro- 
motes the differentiation of Sertoli cells [36]. Among 
the consequences of the actions of SF-1 in embryonic 
Sertoli cells are the secretion of Desert Hedgehog, 
PDGFa, and other paracrine regulatory factors such 
as IGF-1 [26,37] and vasoactive intestinal peptide 
[38] that promote the differentiation and function of 
fetal Leydig cells. Negative regulatory factors, such as 
transforming growth factor B1 (TGF-B1) [39] and anti- 
Miillerian hormone (AMH, also known as Miillerian- 
inhibiting substance) [40] partially inhibit fetal Leydig 
cell steroidogenesis. Fetal Leydig cells maintain high 
rates of steroidogenic activity, secreting primarily 
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Fig.3.2. Rat Leydig cells at successive stages of their development. RER, rough endoplasmic reticulum; SER, smooth endoplasmic 
reticulum. (Modified from Adashi EY, et al. Reproductive Endocrinology, Surgery, and Technology. Philadelphia, PA: Lippincott-Raven, 1996, 


Chapter 25. Used with permission.) 


testosterone, during the last week of gestation leading 
up through birth [41]. The testosterone that is secreted 
is critical for male secondary sexual differentiation, 
including the development of the penis and sex acces- 
sory glands. 


Adult Leydig cell ontogeny 

As illustrated in Figure 3.2, three separate transitions 
of cells have been shown to be involved in the develop- 
ment and differentiation of adult Leydig cells. These 
transitions have been described most fully for the rat 
[42], but similar transitions are thought to occur in 
other species as well, including humans [43]. The first 
recognized cell type in the Leydig cell lineage in the rat, 
referred to as progenitor Leydig cells (PLCs), is first 


seen in the testis between postnatal days 10 and 14. The 
PLCs are small, spindle-shaped cells that are similar 
in appearance to the undifferentiated fibroblastic cells 
seen in the early postnatal testis, but express markers of 
Leydig cell differentiated function including P450 side- 
chain cleavage enzyme (CYP11A1), 3B-hydroxysteroid 
dehydrogenase (38-HSD) [44], cytochrome P450 17a- 
hydroxylase/C,. ,,-lyase(CYP17),andatruncated form 
of the luteinizing hormone receptor (LHR) [45,46]. The 
PLCs contain negligible amounts of smooth endoplas- 
mic reticulum, the organelle that houses several ster- 
oidogenic enzymes, but nonetheless are competent to 
produce steroids, secreting mainly androsterone (AO) 
[47]. PLCs gradually enlarge and become round, and 
their proliferative capacity is reduced. 
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The second transition results in another interme- 
diate, the immature Leydig cells (ILCs). ILCs are seen 
most commonly in the testis during days 28-56 post- 
partum. These cells have more smooth endoplasmic 
reticulum (SER) than PLCs and are able to produce 
high levels of 5a-reduced androgens, primarily 3a, 
5a-androstanediol [23]. ILCs undergo a final division 
before the third transition, the development of the adult 
Leydig cell (ALC) by day 56 [47]. ALCs are relatively 
large cells with an abundance of SER, few lipid drop- 
lets, and high levels of steroidogenic enzyme activities. 
Testosterone is the predominant androgen secreted by 
these cells. ALCs comprise the predominant popula- 
tion of Leydig cells in the sexually mature testis. After 
puberty, there is little or no further proliferation (or 
death) of the ALCs [21]; renewal occurs very slowly 
under physiological conditions [48]. 

Differences in steroidogenic and metabolizing 
enzymes lead to different androgen end products 
in PLCs, ILCs, and ALCs [47]. Due to high levels of 
5a-reductase and 3a-HSD activity, and low levels of 
178-HSD, androsterone is the major steroid produced 
by rat PLCs. In ILCs, more 5a-reduced androgens 
are produced as a result of high levels of 5a-reductase 
and 3aHSD activities that convert testosterone into 
5a-androstane-3a,17B-diol (3a-DIOL), the major 
end product secreted by ILCs. Testosterone secretion 
prevails in ALCs due to increased 17B-HSD activity 
together with sharply decreased 5a-reductase activ- 
ity. In addition to the regulators already discussed, a 
balance between testosterone biosynthetic and degra- 
dative enzyme activities determines the amount of tes- 
tosterone secreted by Leydig cells [10]. 

In the adult, LH binding to its Leydig cell recep- 
tor triggers the cAMP signaling pathway and a cas- 
cade of intercellular events, including increased gene 
transcription, steroidogenic enzyme activity, and tes- 
tosterone production [49,50]. Lack of LH stimulation 
results in reduced steroidogenic enzyme activities 
and in Leydig cell atrophy [51]. However, LH stimu- 
lation is unlikely to be the initial stimulus for cells 
to enter the Leydig cell lineage, or to trigger the ini- 
tial expression of Leydig cell-specific genes. Evidence 
for this conclusion comes from the fact that the LH 
receptor protein is truncated in PLCs, resulting in an 
attenuated response to gonadotropin stimulation [52]. 
That LH plays a critical role in the further development 
of Leydig cells, however, is apparent from studies of 
GnRH?’ mice, which are deficient in circulating LH. In 
these mice, Leydig cell numbers are about 10% of con- 
trol [53]. Moreover, Leydig cells are severely hypoplastic 


in LHRKO mice; these cells may not progress beyond 
a mesenchymal-like stage that has attenuated expres- 
sion of steroidogenic enzymes, with 38-HSD the only 
enzyme present [30,54,55]. Increased Leydig cell pro- 
liferation occurs following LH/hCG administration 
in vivo [56]. In adult Snell dwarf mice, a deficiency 
in plasma gonadotropin prevents full differentiation 
of Leydig cells without affecting their numbers [57]. 
Although LH stimulates DNA synthesis in immature 
rat Leydig cells in vitro, significant enhancement of the 
LH effect is achieved by coadministration of growth 
factors such as IGF-1 [58,59], raising the possibility 
that the action of LH on Leydig cell proliferation may 
be preceded by the action of other factors. 


Stem Leydig cells 

The first identified cell type in the sequence lead- 
ing to adult Leydig cells, the PLCs, are LH receptor- 
positive/3B-HSD-positive cells that divide a limited 
number of times in vivo and then give rise to imma- 
ture Leydig cells (ILCs) and ultimately to ALCs [42]. 
Until recently, a fundamental unanswered question 
was whether the ultimate source of the PLCs and thus 
of ALCs might be a pool of undifferentiated, self- 
renewing stem Leydig cells (SLCs) (Fig. 3.2). 

In general, stem cells are defined by their capacity 
for self-renewal and by their ability to give rise to one 
or more differentiated lines of cells without depleting 
the stem cell pool. Thus, based on well-characterized 
stem cells from other systems [60-63], the features 
that would be expected of stem Leydig cells (SLCs) 
are (1) self-renewal, (2) commitment, (3) amplifica- 
tion, and (4) differentiation. SLCs would be expected 
to be present in the testis in small numbers that are 
maintained by renewal cell divisions during postnatal 
life through adulthood; one or both of the progeny of 
an SLC division would be expected to undergo com- 
mitment to the Leydig cell lineage; and the numbers 
of committed SLCs would be expected to increase 
through amplification cell divisions, creating a pool 
of cells that undergo differentiation into androgen- 
secreting progenitor Leydig cells (PLCs). 

There have been attempts to identify stem Leydig 
cells (SLCs). In one study, putative testicular stem 
Leydig cells from cryptorchid mice were isolated and 
transplanted into mice with a targeted deletion of the 
LH receptor gene (LHRKO) [64]. Serial serum testos- 
terone assays revealed significant increases in circulat- 
ing testosterone levels, suggesting that the transplanted 
cells or their progeny differentiated to produce at least 
some Leydig cells. This study showed the promise of 
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Fig.3.3. Characteristics of stem Leydig cells (SLCs). Freshly isolated SLCs contaminated by fetal Leydig cells (FLCs) are shown in panel A with 
a cluster of FLCs stained strongly for 3B-HSD (arrow). After negative immunoselection to eliminate LHR-positive cells and positive selection 
of PDGFRa-expressing cells, none of the cells stained for 3B-HSD (Panel B). LHR"°9 PDGFRa?*® SLCs did not stain for 3B-HSD (C) or LHR (G). They 
were, however, positively stained for PDGFRa (D), c-kit (E), LIFR (F), and GATA4 (H). DAPI staining (blue) was used to provide nuclear contrast. 
(From Ge RS, etal. In search of rat stem Leydig cells: identification, isolation, and lineage-specific development. Proc Natl Acad Sci U S A 2006; 


103: 2719-24, with permission of the publisher.) See color plate section. 


the LHRKO mouse to furnish Leydig cell-depleted host 
testes for further analysis of transplanted stem cells. A 
second study reported the presence of nestin-positive 
cells in the interstitial compartment of testes, and sug- 
gested that there were stem cells that ultimately gave 
rise to ALCs [65]. The observation that SLCs express 
nestin may provide important clues to the ontogeny of 
these cells in the embryo. For example, one might infer 
that they are of neural or neural-crest origin. 

In a recently reported study, spindle-shaped cells 
were seen in the interstitium of the testis at one week 
postpartum, prior to the differentiation of the PLCs, 
that were 36-HSD-negative and platelet-derived 
growth factor receptor a (PDGFRa)-positive [6]. 
Enriched populations of these cells were harvested 
from rat testes and purified following immunoselec- 
tion for cells that lacked LH receptor (LHR!) and 
contained PDGFRa (PDGFRa?*’). The cells obtained 
in this way also were 3B-HSD"* and contained pro- 
teins known to be involved in Leydig cell development, 
including the GATA4 transcription factor, c-kit recep- 
tor, and leukemia inhibitory factor receptor (LIFR), 
the latter a well-known stem cell marker (Fig. 3.3). 
Culture of these cells in media containing PDGF-BB, 
LIF, and kit ligand stimulated the proliferation of the 
putative SLCs over the course of six months while the 


cells maintained spindle-shaped morphology and did 
not differentiate. However, when the putative SLCs 
cells were placed for seven days in a differentiation- 
inducing medium that contained a combination of 
thyroid hormone (T3), insulin-like growth factor 1 
(IGF-1), and luteinizing hormone (LH), about 40% of 
the cells expressed 3B-HSD, and the cells synthesized 
testosterone (Fig. 3.4). Based on these characteristics, 
the isolated cells seemed likely to be the sought-after 
stem Leydig cells (SLCs). 

The ability to colonize its niche is an essential fea- 
ture of the stem cell. Thus, it was essential to determine 
whether the cells that were identified as putative SLCs 
were able to colonize the interstitial compartment of 
the testis and to differentiate. The Leydig cell cytotoxin 
ethane dimethanesulfonate (EDS) was administered 
to adult rats to eliminate ALCs in the host testes, and 
fluorescently labeled LHR", PDGFRa?*’, 38-HSD"* 
cells were injected into the parenchyma at the cranial 
pole of the testis. On day 10 thereafter, all of the fluor- 
escent labeling in the testis was confined to the intersti- 
tium, and significant numbers of the labeled cells were 
positively stained for 38-HSD activity. In contrast, 
EDS-treated rats that received saline control injections 
without cells lacked fluorescence on day 10, and there 
were no cells that stained for 3B-HSD, indicating that 
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Fig. 3.4. Differentiation of stem Leydig cells (SLCs) into Leydig cells in vitro. SLCs were cultured in expansion medium (EM) or in differentia- 
tion-inducing medium (DIM). Testosterone production (right) progressively increased with culture DIM, with its rate correlated with increases 
in 3B-HSD-positive cells (left). *Denotes a significant change compared to control. (From Ge RS, etal. In search of rat stem Leydig cells: identifi- 
cation, isolation, and lineage-specific development. Proc Natl Acad Sci U S A 2006; 103: 2719-24, with permission of the publisher.) 


regeneration of Leydig cells from host cells had not 
yet occurred. This study, which demonstrated that the 
putative SLCs were able to colonize the testicular inter- 
stitium and subsequently differentiate in vivo, made it 
clear that the cells indeed were SLCs. 


Do stem Leydig cells age? 

There is growing evidence that stem and progeni- 
tor cells age, and that this contributes at least in part 
to age-related alteration in tissue maintenance and 
repair. For example, hematopoietic stem cells in older 
mice have been shown to have decreased ability to self- 
renew and proliferate [66]. Similarly, the proliferation 
and self-renewal potential of stem (or progenitor) cells 
have been shown to decline with age in the mouse fore- 
brain, and there is age-related reduced pancreatic islet 
proliferation and regeneration [67-69]. Age-related 
decline in stem cell function might result from intrin- 
sic stem cell aging, and/or from changes in the environ- 
ment of the stem cell niche. Changes within the niche 
could include alterations in its content of proteins and 
lipids, factors released from damaged cells, and/or 
paracrine and endocrine factors. 

Previous studies have shown that a single injection 
of the alkylating agent EDS specifically destroys all 
Leydig cells in both the young adult and aged rat testis, 
and that thereafter new populations of Leydig cells 
are restored to the testes at both ages [70]. The earliest 
restored cells were found to produce high amounts of 
5a-reduced androgens. Later, the restored cells pro- 
duced testosterone as the predominant androgen. By 
10 weeks after EDS, the ability of the cells restored 
to the testes of young adult and aged rats to produce 
testosterone was equivalent. Thus, although situ- 
ated in an aged testis and in the environment of an 
aged hypothalamic-pituitary axis, the steroidogenic 


function of the Leydig cells restored to aged rat testes 
was equivalent to that of young rat Leydig cells rather 
than reduced as in controls. The sequence of events fol- 
lowing EDS, from the appearance of cells producing 
5a-reduced androgens to the maturation of these cells 
to produce testosterone, resembled Leydig cell matu- 
ration during puberty. These observations suggest that 
although there is little turnover of adult Leydig cells, 
there may be stem cells that reside in the testicular 
interstitium that are capable of giving rise to adult, 
well-functioning Leydig cells. 


Adult Leydig cell steroidogenic 


function 

Adult Leydig cell testosterone production depends 
upon LH, secreted in pulses into the peripheral circu- 
lation by the pituitary gland [71,72]. Acting through a 
cAMP-dependent pathway, LH has both rapid (acute) 
and long-term (trophic) effects on Leydig cell testos- 
terone production [73-75]. In its acute actions, LH 
binds to specific high-affinity receptors on the Leydig 
cell plasma membrane, initiating a cascade of events 
that include coupling of the LH receptor (LHR) with 
G proteins, activation of adenylate cyclase, increased 
intracellular cAMP formation, cAMP-dependent 
phosphorylation of proteins, and translocation of chol- 
esterol to the inner mitochondrial membrane [50,76]. 
The conversion of cholesterol to pregnenolone is cata- 
lyzed by CYP11A1, located on the inner mitochondrial 
membrane. Following its production in the mitochon- 
dria, pregnenolone moves out of the mitochondria to 
the smooth endoplasmic reticulum, where it binds to 
the 3B-HSD enzyme and is converted to progesterone. 
Progesterone is then acted upon by CYP17 to produce 
17a-hydroxyprogesterone and then androstenedione. 
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Finally, androstenedione is converted to testosterone 
by 17B-ketosteroid reductase [73]. 

Although the aforementioned enzymatic steps 
are well recognized (i.e., traditional) [77], there is evi- 
dence that the steroidogenic enzymes may have cata- 
lytic functions in addition to or different from their 
traditional ones. For example, CYP17, in addition to 
its 17a-hydroxylase/C17-20 lyase activity, is a potent 
oxidant that recently was shown to be associated with 
squalene monoxygenase (epoxidase) activity, which is 
critical in cholesterol biosynthesis by MA-10 Leydig 
cells [78]. Moreover, CYP17-independent steroid 
synthesis has been shown in brain and testis [79,80], 
suggesting the existence of other, not yet understood, 
mechanisms of steroid biosynthesis. 

Numerous studies have shown that the expres- 
sions of the mRNAs for the steroidogenic enzymes 
are regulated by LH via cAMP [17,74,77,81,82]. 
Intracellular cAMP concentration derives from a bal- 
ance between the rates of cAMP synthesis and degrad- 
ation, which are regulated by adenylate cyclases and 
cyclic nucleotide phosphodiesterases, respectively 
[50,83-85]. A great deal is known about the mechanism 
by which the binding of LH to its receptor ultimately 
produces cAMP [84-89]. In brief, binding of LH to the 
LHR induces the binding of the cytosolic domain of the 
receptor to a guanine nucleotide-binding (G) protein. 
In its resting state, the a subunit of the trimeric G pro- 
tein is bound to GDP. LHR binding to the G protein 
stimulates the exchange of bound GDP for GTP. This 
activates the a subunit, which then dissociates from the 
p and y subunits of the G protein, and the active GTP- 
bound a subunit then interacts with adenylate cyclase 
to convert ATP to cAMP. The activity of the a subunit 
is terminated by hydrolysis of the bound GTP by the 
action of the intrinsic GTPase activity of the a subunit. 
The inactive a subunit, now with GDP bound, reassoci- 
ates with the By complex, restarting the cycle. GTPase 
activating proteins (GAPs), termed RGS (regulators of 
G protein signaling), are able to increase GTP hydroly- 
sis and thus return the a subunit to its inactive state. 
To date, about 20 distinct a subunits have been cloned. 
These can be divided into four major subfamilies: Gsa, 
Gia, Gq/lla, and G12a. There are G proteins (Gs) that 
are activators of adenylate cyclase, and those (Gi) that 
are involved in adenylate cyclase inhibition. At least 
nine closely related isoforms of adenylate cyclases have 
been identified, and some 40 phosphodiesterases. The 
receptor and effector proteins involved in cAMP pro- 
duction are thought to be mobile within the plane of 


the membrane, and so are influenced by the state of 
membrane fluidity. Consequently, changes in mem- 
brane fluidity could have significant consequences for 
cAMP production [50,84,88-90]. 

The primary point of control in the acute stimula- 
tion of steroidogenesis by LH is the conversion of chol- 
esterol to pregnenolone on the inner mitochondrial 
membrane by CYP11A1 [91-93]. The rate-determin- 
ing step in the cholesterol transport pathway is the 
transport of cholesterol from intracellular sources 
into the mitochondria [91-93]. Cyclic AMP is inte- 
grally involved in this process. Cyclic AMP binds to 
PKA, an enzymatically inactive tetramer consisting 
of two catalytic and two regulatory subunits, and the 
tetramer then dissociates into the regulatory dimer 
and two free active catalytic subunits that phosphoryl- 
ate and activate serine and threonine residues on spe- 
cific protein substrates [94]. Protein phosphorylation 
is a key regulatory step in hormone-stimulated steroid 
formation [92,95]. Maximal stimulation of cholesterol 
transport and steroid formation can occur at lower 
cAMP levels than are normally present in the Leydig 
cells; the concentration of hCG needed to induce max- 
imal cAMP synthesis is about 15 times higher than 
that needed for maximal testosterone production [91]. 
However, the exact mechanism by which cAMP is able 
to induce cholesterol transport from the cytosol to the 
inner mitochondrial membrane remains uncertain. 

A number of molecules have been proposed 
to mediate cholesterol transfer into mitochondria 
[92,93,95]. During the last 15 years, two cholesterol 
transport molecules in particular, TSPO (transloca- 
tor protein) and StAR (steroidogenic acute regula- 
tory protein), have emerged as playing critical roles 
(Fig. 3.5). 


TSPO: a mitochondrial high-affinity 
cholesterol-binding protein 


Translocator protein (18 kDa), previously known as 
the peripheral-type benzodiazepine receptor (PBR) 
[96], was originally discovered because it binds the 
benzodiazepine diazepam with relatively high affinity 
[97]. Although present in all tissues examined, TSPO 
was found to be particularly high in steroid-producing 
tissues, where it was localized primarily in the outer 
mitochondrial membrane (OMM) [97-99]. It has been 
observed in various cell systems and in isolated mito- 
chondria [97,100] that TSPO drug ligands stimulate 
the formation of steroids. To identify the step activated 
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Fig. 3.5. Schematic representation of the putative mitochondrial 
signaling complex mediating the acute hormonal regulation of 
cholesterol transport into mitochondria. Top: shows the basal state 
in which PAP7-TSPO-VDAC interactions are thought to recruit PKA 
o mitochondria. The box delineates the mitochondrial scaffold 
ormed by these three proteins. This scaffold allows the anchoring 
of PKARIa to the mitochondria and the recruitment of hormone- 
induced StAR protein to this complex (bottom). According to 

his proposed mechanism, StAR phosphorylation and activation 
initiates cholesterol movement into TSPO and through TSPO into 
he mitochondria via outer mitochondrial membrane (OMM)-inner 
mitochondrial membrane (IMM) contact sites. Cholesterol then can 
be converted by CYP11A1 (P450 side-chain cleavage enzyme) into 
pregnenolone (P). 


by TSPO ligands, the amounts of cholesterol present 
in the OMM and inner mitochondrial membrane 
(IMM) were quantified before and after treatment with 
TSPO ligands. These experiments demonstrated that 
TSPO ligands induced TSPO-mediated translocation 
of cholesterol from OMM to IMM [101]. Targeted 
disruption of the TSPO gene in Leydig cells resulted 
in the arrest of cholesterol transport into mitochon- 
dria as well as the arrest of steroid formation, while 
transfection of the TSPO-disrupted cells with a TSPO 


cDNA rescued steroidogenesis [102]. Moreover, a 
TSPO 7-mer peptide antagonist was found to inhibit 
the benzodiazepine-stimulated steroid formation by 
directly inhibiting drug binding, as well as hormone- 
stimulated Leydig cell steroidogenesis [103]. The role 
of TSPO in cholesterol transport was further clari- 
fied by site-directed mutagenesis and in-vitro expres- 
sion studies [104] which showed that a region of the 
cytosolic carboxyl-terminus of the receptor was the 
cholesterol-binding site that is critical for cholester- 
ol-binding activity [104,105]. In-vitro reconstitution 
experiments revealed that TSPO binds cholesterol 
with low nanomolar affinity [105,106]. In-vivo stud- 
ies, in which adrenal and ovarian TSPO levels were 
pharmacologically [107-109] or developmentally [110, 
111] modulated, further demonstrated a correlation 
between TSPO levels and steroidogenesis. In addition, 
knocking out TSPO by gene targeting resulted in early 
embryonic lethality [98], indicating its important role 
during development. 

Analysis of the cDNA sequences from differ- 
ent mammals indicated that the 18 kDa TSPO pro- 
tein contains 169 amino acids, and that there is a 
high degree of identity and homology among species 
[97-99]. Hydropathy profile analysis of the amino 
acid sequence suggested a putative five-transmem- 
brane structure that has been experimentally con- 
firmed [112]. Three-dimensional models of human 
and mouse TSPO were developed that showed the five 
transmembrane segments as a helices spanning the 
OMM [113,114], suggesting that TSPO functions as a 
channel that accommodates cholesterol molecules in 
the space delineated by the five helices and thus allows 
cholesterol molecules to cross the OMM to the IMM. 
The mitochondrial 18 kDa TSPO protein is organized 
in clusters of 4-6 molecules that redistribute upon add- 
ition of hCG to Leydig cells, inducing a rapid increase 
in TSPO ligand binding [115,116]. Studies with recom- 
binant TSPO and radiolabeled ligands collectively 
demonstrated that TSPO is a high-affinity cholesterol- 
binding protein [106]. 

A search for endogenous TSPO ligands identified 
a 10 kDa polypeptide, the diazepam-binding inhibitor 
(DBI) [97], which was originally purified from brain 
[117]. It is highly expressed in steroidogenic cells, dis- 
places radiolabeled benzodiazepines in competition 
studies [118], can be cross-linked to TSPO [119], and 
stimulates mitochondrial pregnenolone formation 
[120,121]. Taken together, these observations suggest 
that DBI plays a crucial role in steroidogenesis. 
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TSPO-associated mitochondrial proteins have 
been described, including the voltage-dependent 
anion channel (VDAC) and the adenine nucleotide 
transporter (ANT) [122] (Fig. 3.5). The 18 kDa TSPO 
is the isoquinoline-binding component of the complex 
[106], whereas the presence of VDAC, a large con- 
ductance ion channel referred to as a “mitochondrial 
porin; increases the ability of the 18 kDa protein to 
bind benzodiazepines [123]. As yet, the role of ANT 
in this complex remains unclear. Although it is clear 
that these proteins are involved in the formation of 
TSPO-containing contact sites, their roles seem to be 
constitutive rather than regulatory. Thus, there must 
exist certain cytosolic proteins that interact with and 
regulate these mitochondrial membrane elements. A 
TSPO-associated protein, PAP7, was identified which 
binds the regulatory subunit RIa of cAMP-dependent 
protein kinase (PKA; [124,125]). PAP7 is targeted 
to mitochondria in response to hormone treatment 
[125], thus allowing for local (mitochondrial) catalytic 
activation of PKA and phosphorylation of protein sub- 
strates, such as StAR [126]. 


StAR: a unique hormone-induced 


mitochondrial cholesterol transporter 
StAR is a 37 kDa protein that contains an N-terminal 
mitochondrial signal sequence [93,127]. It has been 
known for some time that StAR is integrally involved 
in regulating cholesterol transport. For example, the 
transfection of StAR protein, CYP11A1, and adreno- 
doxin into COS-1 cells led to a sixfold increase in the 
formation of 36-hydroxy-5-cholestenoic acid [128]. 
In gonadal and adrenal cells, StAR de novo synthesis 
was shown to parallel the maximal steroid synthesis in 
response to trophic hormones [129,130], and expres- 
sion of the 37 kDa StAR precursor in the absence of 
hormones induced a two- to threefold increase in pro- 
gesterone production by MA-10 cells and by isolated 
mitochondria. The 37 KDA StAR preprotein was shown 
to be cleaved in mitochondrial membrane contact sites 
to produce the 30 kDa “mature” StAR protein, an event 
initially believed to be responsible for cholesterol trans- 
portacross the mitochondrial membranes [93,131,132]. 
However, the hormonal stimulation of steroidogenesis, 
both in vitro and in vivo, was observed within 5-15 
minutes of hormone addition [91,92,133], whereas 
StAR mRNA and protein expression has been shown to 
begin 30-60 minutes after hormone stimulation [129]. 
StAR does not need to enter into mitochon- 
dria to stimulate steroidogenesis [93,131]. Indeed, 


mitochondrial import and proteolysis of StAR may 
terminate its action [134]. Moreover, the issue of how 
effectively StAR can bind cholesterol has been raised. 
For example, evidence based on fluorescence energy 
transfer experiments has shown that cholesterol can 
bind to StAR with an affinity of 32 nM and a stoichi- 
ometry of two molecules per molecule of StAR [135]. 
Other studies, too, have indicated that StAR is a low- 
affinity (high-micromolar) cholesterol-binding protein 
[136]. These observations are consistent with the idea 
of a transporter/transfer activator role for StAR that 
does not require high-affinity cholesterol binding and 
that does not require StAR to enter into mitochondria 
to stimulate steroidogenesis [134,137]. In this model, 
there is no requirement for StAR to bind cholesterol. 
An alternative model suggesting that StAR acts as an 
intermembrane shuttle [138] has been now dismissed, 
since it does not account for the strong evidence that 
StAR acts at the OMM [134]. In a more recent study 
it was shown that the cholesterol binding and transfer 
activities of StAR are distinct [139]. 

There is no question that StAR initiates cholesterol 
transfer from OMM to IMM [134]. However, the fact 
that a “receptor” for StAR in the OMM has not been 
identified [134] suggests that there may be few high- 
affinity binding sites for StAR, that there are transient 
interactions of StAR with components of OMM, or 
that the recognition may be done through a media- 
tor molecule (protein or cholesterol). Evidence for the 
requirement for additional components involved in 
the regulation of gonadal steroidogenesis stems from 
studies of StAR knockout mice. Disruption of the StAR 
gene in StAR” mice did not suppress steroidogenesis 
completely [140]. In addition, hormone-stimulated 
steroidogenesis was maintained in the presence of 
nigericin, a K*/H* exchanger that abolishes the hor- 
mone-induced accumulation of StAR [141]. 

Taken together, the studies of TSPO and StAR sug- 
gest that the two are indispensable elements of the 
steroidogenic machinery. One possibility is that TSPO 
and StAR function in a coordinated manner to transfer 
cholesterol into mitochondria [133]. Thus, treatment 
with oligodeoxynucleotides (ODNs) antisense for each 
of the proteins inhibited the respective protein expres- 
sion and the ability of the cells to synthesize steroids 
in response to hCG [133]. Treatment of the cells with 
ODNs antisense to TSPO or with a peptide antagonist 
to TSPO resulted in inhibition of the accumulation of 
the mature mitochondrial 30 kDa StAR protein, sug- 
gesting that the presence of TSPO is required for StAR 
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import into mitochondria. Pregnenolone formation by 
mitochondria from control cells was increased by the 
addition of 37 kDa StAR or a fusion protein of Tom20 
(translocase of outer membrane) to StAR (Tom/StAR). 
In contrast, mitochondria isolated from cells treated 
with ODNs antisense to TSPO failed to form pregne- 
nolone and to respond to either StAR or Tom/StAR 
proteins. These studies clearly demonstrated that there 
is a functional interaction between StAR and TSPO 
required for cholesterol delivery into mitochondria 
and subsequent steroid formation, with TSPO the 
mitochondrial site of import of StAR-mobilized chol- 
esterol. StAR and TSPO may interact at the level of a 
mitochondrial multivalent scaffold in the outer mito- 
chondrial membrane that mediates the effect of hor- 
mones on mitochondrial cholesterol transport and 
steroidogenesis [142]. This would be consistent with 
the idea that StAR is recruited to the outside of the 
mitochondria to induce cholesterol transfer [131,132], 
and that TSPO interacts with or mediates the action of 
StAR [133] to transfer cholesterol to the inner mito- 
chondrial membrane. 


Leydig cell aging 

As men age, progressive decreases in serum con- 
centrations of testosterone occur [12] (Fig. 3.6). 
Associated with these decreases are significant 
health consequences, including reduced sexual func- 
tion, energy, muscle function, and bone density, and 
increased frailtyandcognitiveimpairment|[12,19,20]. 
Circulating LH concentrations do not decline as men 
age [143-147], suggesting that reduced testosterone 
results from a primary gonadal deficit rather than from 
changesatthehypothalamic-pituitary level. Consistent 
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Fig. 3.6. Longitudinal effects of aging on serum testosterone con- 
centrations in cohorts (parentheses) of men. (Redrawn with permis- 
sion from Harman SM, etal. Longitudinal effects of aging on serum 
total and free testosterone levels in healthy men. J Clin Endocrinol 
Metab 2001; 86: 724-31. Copyright 2001, The Endocrine Society) 


with this, the administration of hCG has been shown 
to stimulate testosterone production to a lesser extent 
in older than in younger men [148-151], suggesting 
reduced responsiveness of Leydig cells to LH. As yet, 
however, the mechanism by which testosterone levels 
decline in aging men is unknown. 

Decreases in serum levels of testosterone also occur 
with aging in rodents [13-18]. In most rat strains, 
declines in serum LH accompany reduced testoster- 
one [13,16,152]. This suggests that in such strains, and 
in contrast to humans, age-related decline in serum 
testosterone is secondary to hypothalamic-—pituitary 
changes. In the Brown Norway rat strain, however, 
serum testosterone levels decline but LH levels do not, 
and serum FSH levels rise [70,153]. These similarities 
to the human, as well as the long life span and relative 
absence of disease, are among the reasons that Brown 
Norway rats have become widely used for studies of 
Leydig cell aging. 

Reduced serum testosterone levels might be caused 
by reduced numbers of Leydig cells or by reduced ster- 
oidogenic activity of the cells. The number of Leydig 
cells per testis has been shown to remain unchanged 
with Brown Norway rat aging [70,153], suggesting 
that changes in the steroidogenic function of indi- 
vidual Leydig cells, not their reduced numbers, are 
responsible for reduced serum testosterone levels. In 
fact, Leydig cells from aged Brown Norway rats have 
been shown to produce less cAMP and testosterone in 
response to LH than those from young rats [154], and 
the cells to have reduced levels of StAR and PBR pro- 
tein and mRNA [81,111,155], and reduced activities of 
CYP11A1, 38-HSD, CYP17, and 17B-KSD [81,82]. 

Such changes in the steroidogenic machinery of 
aging Leydig cells might result from extrinsic factors 
(i.e., changes outside the Leydig cells thatimpinge upon 
them) or from intrinsic factors (i.e., changes within the 
Leydig cells themselves). Although serum LH levels 
do not change significantly with age [70,153], age- 
related changes in LH pulse amplitude and frequency 
have been reported [156,157], and such changes could 
affect Leydig cell testosterone production. In fact, 
studies have shown that neither the in-vivo adminis- 
tration of exogenous LH to old rats [158,159] nor the 
in-vitro culture of old cells with LH [159] resulted in 
the increased ability of old Brown Norway Leydig cells 
to produce testosterone at the high levels of young rats. 
Such observations strongly support the idea that LH 
deficits are not the major cause of reduced testosterone 
production by aging Leydig cells, and indeed may not 
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be involved. Rather, the responsiveness of aged Leydig 
cells to LH is reduced relative to young cells. 

Culturing aged cells for three days with dibutyryl 
cAMP (dbcAMP), a membrane-permeable cAMP 
agonist that bypasses the LH receptor-adenylate 
cyclase cascade, has been shown to restore testoster- 
one production by old Leydig cells to levels approxi- 
mating those of young cells [83]. StAR and CYP11A1 
also were restored to young levels by culturing aged 
cells with dbcAMP. The observation that bypassing 
signal transduction by culturing cells with dbcAMP 
largely reversed the steroidogenic decline by the aged 
cells suggests that the reduced ability of old cells to 
transduce the signal between LH and cAMP produc- 
tion may play a major role in the reduced steroidogen- 
esis by aged Leydig cells. 


Free radicals and redox environment of 
aging Leydig cells 


A number of hypotheses have been put forward over 
the years to explain changes that occur in aging cells, 
including late-onset gene expression, telomere short- 
ening, gene modifications, changes in the immune 
system, and accumulated reactive oxygen-induced 
damage to DNA, lipids, and/or proteins [160-167]. 
Among these, there is evidence that alterations in 
the Leydig cell reactive oxygen environment, leading 
to increased oxidative stress, might be involved in 
Leydig cell age-related functional changes [168,169]. 

The basis of the free-radical or oxidative-stress 
theory of aging is that cells exist in a chronic state of 
oxidative stress resulting from an imbalance between 
pro-oxidants and antioxidants, and that because of 
this imbalance there is an accumulation of oxidative 
damage to a variety of macromolecules. The steady- 
state accumulation of oxidative damage is thought 
to be an important mechanism underlying longev- 
ity, age-related pathology, and progressive decline in 
the functional efficiency of various cellular processes 
[168,170-172]. Over the last several years, data have 
accumulated indicating the involvement of reac- 
tive oxygen species (ROS) in normal cell-signaling 
processes as well [173]. To date, most of the evidence 
in support of the free-radical theory for any cell type 
has been correlative. Numerous studies have shown 
age-related increase in oxidative damage to a vari- 
ety of molecules, including lipid, protein, and DNA, 
in organisms ranging from invertebrates to humans 
[168,170-172,174,175]. The physiological importance 


of oxidative damage to protein was recognized 20 years 
ago when it was shown that the oxidative modification 
of one of the histidine residues of glutamine synthetase 
to a carbonyl group inactivated the enzyme [175]. 
More recently, age-related increases in protein oxida- 
tion have been shown in various rodent and nonhuman 
primate tissues and cells, as well as in fibroblasts from 
patients with Werner syndrome or progeria [175-180]. 
Manipulations that increase life span have been shown 
to reduce the expected age-related increases in oxida- 
tively damaged biomolecules. Thus, caloric restric- 
tion (CR), which delays aging, has been shown to be 
associated with reduced levels of oxidative damage in 
a variety of tissues of rats and mice, and with decreases 
in lipid peroxidation [181]. CR also has been shown to 
reduce age-related increases in global protein carbonyl 
content [182, 183], and to decrease oxidative damage 
to DNA [184]. 

Steroidogenic cells produce ROS via the P450 
enzymes as well as via the mitochondrial electron 
transport chain [185,186]. There is compelling evi- 
dence in the literature for a central role for oxidative 
stress in steroidogenic function in the ovary [187-189] 
and adrenal gland [190]. With respect to the ovary, rat 
luteal cells have been shown to respond to hydrogen 
peroxide by reduced progesterone synthesis. The acute 
blockage of steroidogenesis by hydrogen peroxide has 
been shown to be due to uncoupling of the LHR and 
adenylate cyclase, and to impaired cholesterol utiliza- 
tion by mitochondrial CYP11A1. Similarly, studies 
of rat luteal cells demonstrated that the in-vitro gen- 
eration of superoxide radicals by xanthine oxidase 
disrupted LH-stimulated cAMP production and pro- 
gesterone secretion [191]. 

With respect to Leydig cells, mitochondrial-derived 
ROS content of aged cells, measured by lucigenin- 
derived chemiluminescence, has been shown to 
be greater than that of young cells [169], suggest- 
ing increased production of ROS by the aging cells. 
Alteration of the antioxidant defense system also occurs 
in aging Leydig cells. Thus, SOD1, SOD2, glutathione 
peroxidase 1 (GPX-1), catalase (CAT), and reduced 
glutathione, major enzymatic and nonenzymatic anti- 
oxidants, all have been shown to decrease with age in 
Leydig cells [192,193]. The hypothesis that increased 
ROS and reduced antioxidants may affect cell function 
is supported by the observation that the extent of lipid 
peroxidation in isolated Leydig cell membrane fractions 
has been shown to be significantly elevated with age 
[186]. This is significant because lipid peroxidation can 
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affect membrane structure and/or fluidity, and virtually 
every event associated with steroidogenesis is depend- 
ent on the integrity of cell membranes. In particular, it 
has been shown that perturbation of membrane com- 
position and/or fluidity can affect cAMP production 
[191,194]. Additionally, the inclusion of high levels of 
the antioxidant vitamin E in the feed has been shown to 
delay age-related decreases in steroidogenesis in Brown 
Norway rats [195]. None of these observations, by itself, 
proves that oxidative stress plays a significant role in the 
reduced ability of old Leydig cells to produce testoster- 
one; but the results, taken together, are consistent with 
the hypothesis that oxidative stress, resulting from an 
altered redox environment of the aging Leydig cells, 
in some way results in the reduced LH signaling that 
characterizes aging Leydig cells; and that reduced LH 
signaling, in turn, affects cAMP production, cholesterol 
transport via StAR and/PBR, and the steroidogenic 
enzymes, and ultimately testosterone production. 


Summary 

Testosterone-secreting adult Leydig cells, which first 
appear around the time of puberty, ultimately derive 
from a pool of stem Leydig cells that are negative for 
Leydig lineage-specific markers 3B-HSD and LHR, 
and positive for the stem cell marker PDGFRa. The dif- 
ferentiated progeny of the stem Leydig cells, the pro- 
genitor Leydig cells, are characterized by Leydig cell 
lineage-specific markers including 3B-HSD, CYP11A1, 
and CYP17, and by their ability to produce steroids 
(mainly androsterone). After a number of divisions, 
the progenitor Leydig cells give rise to immature Leydig 
cells that are characterized by increases in CYP11A1, 
CYP17, and 3B-HSD, increased androgen metabol- 
ism by 5a-reductase and 3a-HSD, and ultimately the 
production of high levels of 5a-reduced androgens 
(primarily 3a, 5a-androstanediol). The mature Leydig 
cells, which derive from the immature cells, are charac- 
terized by their high levels of testosterone production 
and low turnover. 

The primary point of control in the acute stimula- 
tion of steroidogenesis in adult Leydig cells is the con- 
version of cholesterol to pregnenolone on the inner 
mitochondrial membrane by CYP11A1. The rate- 
determining step in the cholesterol transport path- 
way is the transport of cholesterol from intracellular 
sources into the mitochondria. Two cholesterol trans- 
port molecules, TSPO (translocator protein) and StAR 
(steroidogenic acute regulatory protein), have emerged 
as playing critical roles in mediating cholesterol trans- 
fer into the mitochondria, the rate-limiting step in 


steroidogenesis. Although still far from established, 
current evidence is consistent with the idea that StAR is 
recruited to the outside of the mitochondria to induce 
cholesterol transfer, and that TSPO interacts with or 
mediates the action of StAR to transfer cholesterol 
to the inner mitochondrial membrane. Finally, with 
aging, decreases in serum levels of testosterone occur, 
which, in men and in Brown Norway rats, are not sec- 
ondary to declines in serum LH. In the rat, changes in 
the steroidogenic machinery of individual Leydig cells, 
not their reduced numbers, are responsible for reduced 
serum testosterone levels. Such changes might result 
from extrinsic factors (i.e., changes outside the Leydig 
cells that impinge upon them) or from intrinsic factors 
(i.e., changes within the Leydig cells themselves). From 
studies in which the steroidogenic decline by the aged 
Leydig cells was reversed with dbcAMP, it appears that 
the reduced ability of old cells to transduce the signal 
between LH and cAMP production may play a major 
role in the reduced steroidogenesis by aged Leydig 
cells. Among the many hypotheses that have been put 
forward over the years to explain changes that occur 
in aging cells, there is evidence that alterations in the 
Leydig cell reactive oxygen environment, leading to 
increased oxidative stress (i.e., imbalance between the 
intracellular antioxidant and pro-oxidant environment 
of aging Leydig cells) might be involved in Leydig cell 
age-related functional changes. 
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Introduction 

Since its discovery by Enrico Sertoli in 1865 [1], the 
Sertoli cell has proved a fascinating subject for physi- 
ologists, histologists, and clinicians alike. The Sertoli 
cell is implicated centrally in spermatogenesis, 
organogenesis, male phenotypic development, and 
the hypothalamic-pituitary-gonadal axis [2-4]. Its 
role in phenotypic maleness is absolutely crucial. 

On the other hand, many questions about the specif- 
ics of Sertoli cell function remain unanswered. Since the 
last edition of this textbook, numerous experiments have 
further delineated the pathways by which the Sertoli cell 
performs these important functions. These include such 
projects as simple knockouts of follicle-stimulating hor- 
mone receptor (FSHR) and the resultant downstream 
effects [5]. Recent research into interference with Sertoli 
cell-germ celladhesion offers a potentially fruitful future 
model for male contraception [6,7]. But despite this rap- 
idly growing body of knowledge, many simple questions 
about the Sertoli cell remain unanswered. How does the 
Sertoli cell regulate the balance between spermatogen- 
esis and germ cell apoptosis? What is the intracellular 
mechanism by which the Sertoli cell modulates and 
maintains the blood-testis barrier (BTB)? What is the 
trigger within the primordial Sertoli cell that initiates 
testis differention in the embryo? These and many other 
questions remain unanswered. 

This chapter summarizes the existing body of 
knowledge regarding the human Sertoli cell. In add- 
ition, it offers an extensive consideration of the murine 
and rat Sertoli cell, as they are studied in many of the 
experiments that have proved most enlightening with 
regard to Sertoli cell function. This summary includes 
a brief overview of cellular structure, basic physiology, 
the role in spermatogenesis, the role in organogen- 
esis, feedback through the hypothalamic-pituitary- 
gonadal axis, and future directions for inquiry. 


The Sertoli cell: morphology, 
function, and regulation 


Cell structure 

Sertoli cell morphology has been well described by 
others [1,8,9]. The cells form an epithelial layer on a 
monolayer basement membrane. They have a char- 
acteristic tripartite nucleolus. They are nondivid- 
ing, columnar cells with interdigitations projecting 
into the lumen of the seminiferous tubule; these 
interdigitations provide for spaces within which 
spermatid elongation occurs (Figs. 4.1-4.4). 


Basement membrane 

The basement membrane upon which Sertoli cells 
rest is an acellular matrix consisting primarily of 
laminin and type IV collagen [10]. This layer is pro- 
duced in part by Sertoli cells and in part by peritubu- 
lar myoid cells, although the major portion of laminin 
and collagen deposition is due to Sertoli cell action 
[11]. Peritubular myoid cell produced mesenchymal 
factor, or PModS, is in large part responsible for regu- 
lation and coordination of function between the two 
cells [12,13] (Fig. 4.5). A more detailed discussion of 
PModS follows later in this chapter. 


Ultrastructural features 

Sertoli cells are responsible for both the mainten- 
ance of the blood-testis barrier and the development 
of germ cells; it is not surprising that they secrete a 
vast number of proteins [2]. As is consistent with a 
highly transcriptionally active cell, the Sertoli cell has 
an extensive Golgi apparatus extending from the basal 
aspect of the cell all the way to the cell’s apex [14,15]. 
Somewhat paradoxically, Sertoli cells demonstrate 
little rough endoplasmic reticulum [16]. This is not 
completely consistent with constant and active protein 
secretion. Smooth endoplasmic reticulum, with asso- 
ciated lipid inclusions, is seen in significant amounts, 
correlating with active steroid synthesis (Fig. 4.6). 
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Fig. 4.1. Electron micrograph from an 
irradiated 30-day-old testis perfused with 
peroxidase. The tracer passes through 
the myoid layer and into the intercel- 
lular spaces between Sertoli cells. It is 
stopped there from deeper penetration 
by tight junctions (x 7200). (From Tindall 
DJ etal. Androgen binding protein as a 
biochemical marker of formation of the 
blood-testis barrier. Endocrinology 1975; 
97: 636-48, with permission. Copyright 
1975, The Endocrine Society.) 


Fig.4.2. Light microscope images of sections of the (A) human and (B) rodent testis. Hematoxylin and eosin staining (x 40). See color plate 
section. 
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Cytoskeletal architecture 

The cytoskeletal architecture of the Sertoli cell, as in 
many other cells, consists of actin filaments, inter- 
mediate filaments, and microtubules. Different from 


Fig. 4.3. Light microscope images of 
mouse Sertoli cells in culture 5 days post 
harvest. DAPI staining (x 40). See color 
plate section. 


Fig. 4.4. Schematic representation of passage of spermatocytes 
across blood-testis barrier, composed of tight junctions, ectoplas- 
mic specializations, and other junctional components. (A) Types A 
and B spermatogonia lie in the basal compartment, and adjacent 
Sertoli cells meet in tight junctional complexes. The B spermato- 
gonia divide to form preleptotene spermatocytes. (B1) Slips of 
Sertoli cell cytoplasm extend beneath these cells. Later in time (B2 
and C2), new tight junctions develop between basal slips of Sertoli 
cell cytoplasm, sequestering what are now leptotene spermato- 
cytes in an intermediate compartment. Soon therafter the original 
tight junctions begin to disassemble (C3) and disappear (C4). The 
fate of these components is not clear. Midway in pachytene sperm- 
atocyte development, ectoplasmic specializations appear (arrows); 
these resemble one half of a tight junction. Further information 
regarding their processing is found later in the chapter. 


other cells, however, this cytoskeletal architecture is 
tasked with constant change as spermatogenesis pro- 
ceeds. Actin filaments, as structural components of 
ectoplasmic specializations, move spermatogonia. 
Tight junctions, also attached to actin filaments, dis- 
assemble and reform around migrating germ cells. 
Thus the cytoskeletal architecture of the Sertoli cell 
is as crucially important to its function as any other 
aspect of the cell. This chapter provides a discussion 
of actin filaments, intermediate filaments, and micro- 
tubules, and a brief consideration of other structures 
within the Sertoli cell that relate to each of these three 
structural elements. 


Actin filaments 
Actin filaments are composed of actin monomers 
that polymerize within cells to filamentous structures 
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Fig. 4.6. Schematic representation of the Golgi apparatus (trans- 
Golgi network, TGN) of the Sertoli cell. TGN extends through the 
entire length of the cell. (From Rambourg A etal. Three-dimensional 
architecture of the Golgi apparatus in Sertoli cells of the rat. Am J 
Anat 1979; 154: 455-76, with permission from John Wiley & Sons, 
Inc. Copyright 1979.) 
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Fig. 4.5. Electron micrograph of the 
testicular lamina propria and basement 
membrane. (From Hadley MA, Dym M. 
Immunocytochemistry of extracellular 
matrix in the lamina propria of the rat tes- 
tis: electron microscopic localization. Biol 
Reprod 1987; 37: 1283-9, with permission.) 
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5-8 nm in size. Actin filaments allow for motor- 
ized movement within cells through their attach- 
ment to myosin, another globular protein [17,18]. 
Functionally, actin filaments are therefore central to 
cell movement, attachment, polarity, and intracellular 
transport. 

Specifically within Sertoli cells, actin filaments 
are predominantly found as components of tubu- 
lobulbar complexes and ectoplasmic specializations. 
Both structures are unique to Sertoli cells and crucially 
important to spermatogenesis. 


Tubulobulbar complexes 
Tubulobulbar complexes are identified in two places 
within the Sertoli cell: first, attached to spermatids 
at the apical surface of the seminiferous epithelium, 
and second, along the basolateral membrane between 
adjoining Sertoli cells [19,20] (Figs. 4.7, 4.8). The com- 
plexes are elongated in shape with a bulbous flared tip, 
and they are composed of approximated plasma mem- 
brane from both adjoining cells (Sertoli cell/sperm- 
atid and Sertoli cell/Sertoli cell). Encircling the plasma 
membrane interface, a tubule ofactin filaments extends 
the length of the structure. Finally, rough endoplasmic 
reticulum and vesicles are located in close proximity to 
the flared tip of the structure [19]. 

The function of tubulobulbar complexes within the 
Sertoli cell is not completely understood. With regard 
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Fig. 4.7. Schematic representation of 
the tubulobulbar complex. The complex 
is associated with elongating spermatid 
and ectoplasmic specializations. The 
image on the right demonstrates intern- 
alization of vesicles by the tubulobulbar 
complex, which are then either recycled 
or degraded. (Reprinted with permis- 
sion from Guttman JA et al. Evidence that 
tubulobulbar complexes in the seminifer- 
ous epithelium are involved with internal- 
ization of adhesion junctions. Biol Reprod 
2004; 71: 548-59.) 
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Fig. 4.8. Electron micrograph of the tubulobulbar complex (tc) and associated elongated spermatid. The complex is flanked by ectoplasmic 
specializations (es). Also identified are tubulobulbar process (tp) and endoplasmic reticulum (er). Bar = 200 nm. (Reprinted with permission 
from Guttman JA et al. Evidence that tubulobulbar complexes in the seminiferous epithelium are involved with internalization of adhesion 


junctions. Biol Reprod 2004; 71: 548-59.) 


to spermatids, it is thought that the tubulobulbar 
complex may play a role in modeling the spermatid 
head by removing and processing spermatid cyto- 
plasm [21]. They are known to be the last structure 
to disengage from mature spermatids before their 
spermiation - the release of the spermatid into the 
lumen of the seminiferous tubule [19,22,23]. 
Tubulobulbar complexes between adjacent Sertoli 
cells may play a different role; they are identified con- 
sistently in association with both ectoplasmic spe- 
cializations and tight junction/adherens junction 
complexes. It is hypothesized that they are involved 
in junction disassembly and turnover. This process 
may be mediated by clathrin-coated vesicles [24]. The 
role of actin filaments in the function of tubulobul- 
bar complexes is not yet firmly defined. However, as 
these complexes are required to be highly mobile, actin 


filaments could represent the means for both transport 
and assembly of tubulobulbar complexes. This process 
may be regulated through the protein kinase C path- 
way [25]; additionally, other kinases, including protein 
kinase G and carboxyl-terminal Src kinase, may be 
involved [26-28]. 


Ectoplasmic specializations 
Similar to tubulobulbar complexes, ectoplasmic spe- 
cializations are also located along the apical semin- 
iferous epithelium in association with spermatids. In 
addition, they, too, are found along the basolateral 
membrane between adjoining Sertoli cells and the 
basement membrane [21] (Fig. 4.9). 

Ectoplasmic specializations are unique to Sertoli 
cells. Functionally, they are thought to be predomi- 
nantly responsible for adherence of Sertoli cells to 
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Fig. 4.9. Schematic representation of ectoplasmic specializations (ES) and their role in spermatid translocation. ES are also found between 
adjacent Sertoli cells. (Reprinted with permission from Vogl AW etal. Unique and multifunctional adhesion junctions in the testis: ectoplasmic 


specializations. Arch Histol Cytol 2000; 63: 1-15.) 


each other and to maturing spermatocytes and 
spermatids. They comprise three layers: plasma 
membrane most superficially, an intermediate layer 
of actin filaments, and a deep layer of endoplasmic 
reticulum. Associated adhesion molecules that are 
known to be functionally relevant to ectoplasmic spe- 
cialization function include integrin «661, nectin 2, 
N-cadherin and junctional adhesion molecules (JAMs) 
[22,29-31]. Interestingly, nectin 2 knockout mice have 
been successfully engineered. Confirming the impor- 
tance of ectoplasmic specializations in spermatogen- 
esis, these animals are infertile [32-34]. 

Regulation of ectoplasmic specialization function 
is thought to be mediated through TGF-, possibly 
through the ERK signaling pathway [35,36]. TGF-6 
is also implicated in regulation of tight junctions and 
thereby of the blood-testis barrier [37,38]. 


Intermediate filaments 

Intermediate filaments are filamentous polymers that 
occur in almost all cell types. They are thought to per- 
form a scaffolding function within the cell, protecting 
the cell from mechanical forces. They are classified into 
four types (I-IV) [39,40]. 

Within Sertoli cells, the predominant type of 
intermediate filament identified is vimentin (type 
III) [40]. In addition, keratins (type I and II) and 
nestin (type IV) are present in smaller amounts. 
Intermediate filaments radiate outward from the 
area surrounding the nucleus towards the periphery 
of the cell. Specifically, they are associated peri- 
pherally with Sertoli cell surface complexes includ- 
ing desmosome-like junctions, hemidesmosome-like 
junctions, and ectoplasmic specializations [41]. Neither 
desmosome-like junctions nor hemidesmosome-like 
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junctions are completely understood with regard to 
their function or structural composition. Desmosome- 
like junctions are found both between adjoining Sertoli 
cells and between Sertoli cells and spermatogenic 
cells. They are presumed to be involved also in cell- 
cell attachment. Cadherins and catenins, components 
of desmosomes in other cells, have not as yet been con- 
clusively identified in desmosome-like junctions of 
Sertoli cells [41]. 

A vimentin knockout mouse has been engineered; 
it has no defect in fertility and a normal-appearing 
seminiferous epithelium despite absence of evidence 
of intermediate filaments within Sertoli cells of the 
animal [42]. Further work to gain understanding of the 
complete role of intermediate filaments, desmosome- 
like junctions, and hemidesmosome-like junctions is 
under way. 


Microtubules 

Microtubules are long tubular polymers composed 
of dimerized a and 6 tubulin. They are identified in 
numerous types of cells and are predominantly respon- 
sible for directionalized transport within cells; polarity 
of the heterodimeric units comprising each micro- 
tubule allows for this. Microtubules are typically arrayed 
in cells in outward spokes from a microtubule organi- 
zing center (MTOC). They have botha plus (fast-grow- 
ing) and minus (slow-growing) orientation in relation 
to this MTOC [17,39] (Fig. 4.10). 

Microtubules within Sertolicells differ from those 
in other cells in that they are not organized around 
centrally located MTOCs [43]. Instead, they origi- 
nate from the peripheral aspect of the cell, organiz- 
ing towards the center of the cell; this is confirmed by 
reversible disruption of the microtubular architec- 
ture with fungicides (such as carbendazim and noco- 
dozole) and subsequent observation of microtubular 
reorganization [44-46]. These and other experiments 
in which the microtubular architecture of the Sertolicell 
is disrupted via treatment with colchicine or vinblast- 
ine confirm a second function of microtubules in the 
Sertoli cell; the characteristic columnar morphology is 
lost in treated Sertoli cells, implying that microtubules 
provide assistance in maintaining the architecture of 
the Sertoli cell [47-49]. 

Amongst other functions within the Sertoli 
cell, microtubules also appear to be involved in 
the entrenchment and then release of elongating 
spermatids. Molecules including dynein and kinesin 
are responsible for this movement, along with move- 
ment of other substances within the cell [17]. Again, 
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Fig. 4.10. Phase-contrast image of polarity-marked microtubules 
bound to ectoplasmic specializations. Overlay images of actin 

(to show the presence of the ectoplasmic specialization) and the 
polarity-marked microtubules attached to the junction plaque as 
well as an overlay of the polar microtubules on the ectoplasmic 
specialization. Actin = red, polar microtubules = green. Bar = 2.5 
um. (Reprinted with permission from Guttman JA etal. Dynein and 
plus-end microtubule-dependent motors are associated with spe- 
cialized Sertoli cell junction plaques (ectoplasmic specializations). J 
Cell Sci 2000; 113: 2167-76.) See color plate section. 
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the polarity of microtubules allows for this organized 
movement of spermatids and substances towards 
either the apical or basal surface of the cell; microtu- 
bules are consistently arranged with the minus end 
situated apically [17]. 


The blood—testis barrier 

The interaction of adjoining Sertoli cells with each 
other and with the basement membrane is cru- 
cially important to the function of the Sertoli cell: 
tight junctions and adherens junctions between 
Sertoli cells allow for the creation of an immuno- 
logically privileged space within the seminiferous 
tubule. This barrier, created by Sertoli cells and the 
basement membrane, is known as the blood-testis 
barrier [50]. 
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Interestingly, the blood-testis barrier represents 
the only barrier ofimmunologic privilege in the human 
that is composed of both tight junctions and adhesion 
junctions in contiguous locations and functioning 
together. This is in contradistinction to the blood- 
brain barrier and the blood-retina barrier, where tight 
junctions and adhesion junctions are separate and have 
unique functions [51-53]. Moreover, the blood-testis 
barrier is uniquely tasked to perform several unique 
and complex functions of its own: namely, anchoring 
of Sertoli cells to each other, coordinated disassembly 
to allow the migration of developing spermatogenic 
cells into the tubule lumen, and coordinated reas- 
sembly in order to maintain the blood-testis barrier 
throughout this process [41] (Fig. 4.11). 

Extensive research into both the regulation of the 
blood-testis barrier and the structure and function of 


Fig. 4.11. Schematic representation 

of the blood-testis barrier. Tight- 
junction components are listed in the 
key. Locations of adherens junctions, 
hemidesmosomes, and tight junc- 

tions are as noted in the key. (Adapted 
with permission from Guttman JA et al. 
Evidence that tubulobulbar complexes in 
the seminiferous epithelium are involved. 
Biol Reprod 2004; 71: 548-59.) 
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tight junctions and adhesion junctions has been under- 
taken. TGF- signaling has been implicated in regu- 
lation of the blood-testis barrier [for review see 54]. 
Discussion of this topic in greater scope is found later 
in this chapter; however, it is important to understand 
that the function of the blood-testis barrier changes 
greatly in the course of the life of the animal. The devel- 
oping fetus, the prepubertal animal, and the adult 
animal all differ in terms of number of germ cells, pres- 
ence or absence of dividing germ cells, and presence 
or absence of active spermatogenesis [55]. Therefore, 
regulation of blood-testis barrier function is cru- 
cially important to normal mammalian fertility. 

Structural analysis of Sertoli cell tight junctions and 
adherens junctions demonstrates many of the com- 
ponents that make up these junctions. These include 
membrane proteins such as occludins, claudins, zonula 
occludens (ZO), and junctional adhesion molecules 
(JAMs) [41]. Somewhat less well understood is the 
regulation of these components and their interactions 
with each other. A brief summary of this regulatory 
pathway will follow. 


Occludins 

Occludins are 65 kDa proteins found in Sertoli cell 
tight junctions ofrats and mice, although not in human 
Sertoli cells [56]. They have four transmembrane 
domains, two extracellular loops, and one intracellular 
loop (Fig. 4.11). They are crucially important to sperm- 
atogenesis, as is evidenced by two sets of experiments 
conducted in rodents. First, occludin knockout mice 
become infertile by 40 weeks of age with atrophy of the 
testis [57]. Second, a 22 amino acid synthetic peptide 
that corresponds to the second extracellular loop of 
the occludin protein causes reversible impairment of 
spermatogenesis through detachment of germ cells in 
both mice and rats [58]. 


Claudins and other proteins 

Claudins are a family of proteins with more than 20 
members [59,60]. Claudin 11 is also a transmem- 
brane protein identified in tight junctions of Sertoli 
cells [61]. Claudin 11 knockout mice are infertile 
throughout life. They do not show evidence of tight 
junctions in Sertoli cells examined on EM [62]. 

Also involved in the tight junction of Sertoli cells 
is junctional adhesion molecule 1, another transmem- 
brane protein. Together, occludin, claudin 11, and 
JAM-1 interact together with identical peptides on 
the surface of adjoining cells [41,63]. The intracellular 


portions of these proteins are associated with zonula 
occludens 1 and 2 (ZO-1, ZO-2). In turn, ZO-1 and 
ZO-2 link the tight junction to intracellular actin [41]. 
Interestingly, another junctional adhesion molecule, 
JAM-3, is implicated in proper polar elongation of the 
maturing spermatid [64]. 

Together, the interaction between the two adjoin- 
ing multiprotein complexes that constitute each tight 
junction results in a significant portion of the barrier 
function of the blood-testis barrier. This barrier func- 
tion is measured experimentally by determining 
transepithelial electrical resistance. Interestingly, 
Sertoli cells in Matrigel culture organize function- 
ally into a confluent layer similar to an epithelium; 
these cells have a weak barrier function in culture 
(100 ohm/cm?). Treatment of cultures with testoster- 
one or testosterone and FSH increases the transepi- 
thelial resistance (TER) by as much as a factor of 10 
[65-67]. It is hypothesized that testosterone has a direct 
effect on tight junction and therefore on blood-testis 
barrier function. Confirming this further are experi- 
ments with Sertoli-cell-specific knockouts of androgen 
receptor (SCARKO) mice that demonstrate intact, but 
weakened, blood-testis barrier function [68]. Other 
regulation of blood-testis barrier function appears to 
involve TGF-83 through the p38 MAP-kinase path- 
way [69]. Further regulatory input may derive from 
TNF-a [70]. 


Spermiogenesis and spermiation 

A brief discussion of spermiogenesis and spermiation 
follows here within the context ofthe functional aspects 
of the Sertoli cell necessary for spermiation. For more 
detail please refer to Chapter 5. 

Spermiogenesis is the process by which the hap- 
loid round spermatid is remodeled into a function- 
ally mature elongate spermatid; spermiation is the 
detachment of the mature elongated spermatid 
from the Sertoli cell in a coordinated fashion. As dis- 
cussed above, all of the cytoskeletal architecture of the 
Sertoli cell contributes to this effort: ectoplasmic spe- 
cializations attach the round spermatid to the Sertoli 
cell membrane, and microtubular movement drags 
the spermatid towards the basolateral membrane of the 
Sertoli cell, deepening the membrane crypt where the 
spermatid rests and elongating the cell. The now elon- 
gated spermatid is returned to the apical membrane via 
microtubular movement again. Finally, tubulobulbar 
complexes form, the ectoplasmic specializations dis- 
solve, and the elongate spermatid is released into the 
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lumen of the seminiferous tubule. The remaining ecto- 
plasmic specialization is phagocytosed [71,72]. 

Many theories exist as to regulation of this process. 
The cyclic-AMP response element (CRE) is a likely 
candidate; activation of CRE located within the pro- 
moter for nectin 2 results in increased transcription 
of nectin 2, an intracellular protein found in ecto- 
plasmic specializations [73]. As mentioned previ- 
ously, nectin 2 knockout mice are infertile [32-34]. 
CRE is known to be bound and therefore activated 
by, amongst other proteins, cAMP response binding 
protein, or CREB. CREB is a member of the basic- 
domain leucine-zipper family of transcription factors. 
CREB is thought to unbind from CRE in the presence 
of increased cAMP, thereby resulting in decreased tran- 
scription of nectin 2 [73,74]. This contributes to the 
ability of the elongated spermatid to detach from now 
weakened ectoplasmic specializations. This obviously 
represents only one pathway on which spermiation 
might depend; research continues with the goal of fur- 
ther elaborating this complex process. 


Sertoli cell differentiation 

Sertoli cells in adult mammals exist as a terminally 
differentiated, postmitotic population. Sertoli cell 
number becomes fixed during puberty in all mam- 
mals [75-78]. After this point, spermatogenesis is 
maximally limited by the fixed number of Sertoli cells 
that exist in a testis. Prepubertal regulation of Sertoli 
cell number and division is therefore vitally important 
to future fertility. 


Peritubular myoid cell secreted 


mesenchymal factor (PModS) 

PModS was first described by Norton and Skinner in 
1989 [12]; at the time, preliminary evidence indicated 
that peritubular myoid cells might play a central role 
in regulation of Sertoli cell differentiation. PModS was 
thought to act through c-Fos, a nuclear transcription 
factor within the Sertoli cell, to cause up-regulation of 
Sertoli-cell-specific factors that enabled germ cell dif- 
ferentiation [79,80]; these factors included transfer- 
rin (transferrin levels and transcription of transferrin 
mRNA were quantified in this study) and androgen- 
binding protein. At this time, investigators were just 
beginning to appreciate the nature of the complex 
intercellular interactions in the testis regulating sper- 
matogenesis through endocrine, paracrine, and auto- 
crine pathways that are discussed below. 


Basic helix-loop-helix transcription factors 
Continued investigation into the regulation of Sertoli 
cell differentiation focused on up-regulation of trans- 
ferrin as a downstream effect of PModS; Chadhuary 
and colleagues demonstrated the existence of an E-box 
response element within the promoter region for trans- 
ferrin known as SE2 [81]. E-box response elements are 
known targets for basic helix-loop-helix (bHLH) tran- 
scription factors; bHLH transcription factors dimer- 
ize at a conserved helix-loop-helix region and then 
bind E-box response elements at their conserved basic 
region, thereby initiating transcription of the E-box 
response element in question [82]. Through examin- 
ation of Sertoli cell cultures, a ubiquitously expressed 
bHLH, E12, was identified in Sertoli cells. Levels of E12 
were shown to correlate with transferrin expression 
[83]. Also identified was a bHLH inhibitory factor, Id, 
which, when expressed, blocked bHLH activation of 
the E-box response element within SE2, again through 
a conserved helix-loop-helix region [84]. Transferrin 
levels dropped in the presence of increased levels of 
Id. Examination of mitotic, actively dividing Sertoli 
cells (prepubertal) demonstrated increased levels of Id 
protein. 


Id proteins as regulators of Sertoli 


cell proliferation 
Further investigation of the Id family of proteins yielded 
a total of four molecules, Id1, Id2, Id3, and Id4 [85]. 
Levels of Id proteins were found to be low in postmi- 
totic populations of Sertoli cells, again consistent with 
a terminally differentiated population of cells. Through 
integration and overexpression of human Id1 and Id2 
into an adult population of rat Sertoli cells, Chaudhary 
and colleagues were able to cause postmitotic Sertoli 
cells to begin to proliferate [86]; correspondingly, lev- 
els of transferrin, androgen-binding protein, and FSH 
receptor dropped in treated populations of cells. 
Taken together, these findings are consistent 
with the hypothesis that prepubertal populations of 
Sertoli cells divide in the testis under the influence 
of Id proteins, thereby populating the seminiferous 
tubules with adequate Sertoli cells for spermato- 
genesis later in life. Upon entering puberty, PModS 
is secreted by peritubular myoid cells in response to 
some other signal. In addition to the action of FSH 
on the Sertoli cell, this results in an increase in bHLH 
E12 within Sertoli cells. This overwhelms the effect 
of Id proteins, resulting in a halt in mitosis and an 
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up-regulation of Sertoli cell gene targets whose 
products are necessary for spermatogenesis, such 
as transferrin. Many questions remain. What causes 
the increase in PModsS secretion at puberty? Is it sim- 
ply a rise in intratesticular testosterone? By what intra- 
cellular pathway are Id levels changed within the cell? 
Chaudhary and Skinner hypothesize protein kinase 
A acting downstream of an activated FSH receptor; 
as yet this remains to be confirmed [86]. Contrary to 
this hypothesis, Johnston and colleagues demonstrated 
that Sertoli cell number in mice was regulated through 
testosterone and not FSH through analysis of FSH and 
FSH receptor knockout animals [87]. 

Finally, what other terminally differentiated cells 
within the body can be induced to proliferate through 
overexpression of Id family proteins? Could this be 
a potential future treatment for other injuries in the 
human body involving terminally differentiated cells 
such as nerve transection? Does this represent a pos- 
sible future treatment for male infertility? Further 
research into these questions is obviously needed. 


Regulation of spermatogenesis 
Regulation of the Sertoli cell in its function as “nurse 
cell” for developing spermatogenic cells is obviously 
multifaceted and complex. Autocrine, paracrine, and 
endocrine regulatory pathways all exist simultan- 
eously; many are well defined. As this regulation basic- 
ally equates to regulation of spermatogenic function, it is 
vital to have a thorough understanding of these pathways 
in order to begin to understand the molecular basis of 
male infertility. 


Spermatogenesis: overview 
A brief overview of spermatogenesis in the rodent 
follows here; for further detail please see Chapter 5. 
Put simply, spermatogenesis is the process by which 
diploid spermatogonial stem cells are turned into 
mature haploid spermatozoa. Obviously, the pro- 
cess is far more complex than this understatement — 
meiotic reduction division must occur properly, the 
characteristic and functionally important shape of the 
mature sperm must be molded somehow, and the pro- 
cess needs to be coordinated for all germ cells arising at 
the same time. This is an incredibly complex process, 
and it is not yet fully understood in either the human or 
the rodent. However, a tremendous amount of know- 
ledge can be gleaned from studying spermatogenesis as 
it proceeds with the help of the Sertoli cell. 
Spermatogonial stem cells exist in the semini- 
ferous tubules; as yet, these cells have not been 


conclusively identified in humans, but their exist- 
ence is both safely assumed and functionally con- 
firmed [88,89]. These haploid cells must be capable 
of both self-renewal - thereby maintaining the stem 
cell population - and differentiation. Differentiation, 
occurring as a result of some unknown signal, poten- 
tially arising from the Sertoli cell, starts the sperma- 
togonial stem cell along the pathway to becoming a 
mature elongated spermatid. Along this pathway, the 
cell passes through the following stages: sperma- 
togonia, spermatocyte, spermatid, spermatozoon 
[76,77,90-92]. The basic processes vary during these 
stages as well, encompassing mitosis, meiosis, and 
differentiation, to lead ultimately to the release of the 
mature spermatozoa into the lumen of the seminifer- 
ous epithelium. 

Within the rodent [78,93,94], type A, interme- 
diate, and type B spermatogonia are recognized as 
spermatogonial subtypes. Type AO, or undifferenti- 
ated spermatogonia, appear to be the first stage in this 
process (different from type As spermatogonia - the 
presumed spermatogonial stem cell). Type A sperma- 
togonia are further subdivided into type Al-4 sperma- 
togonia (differentiating). Cells then proceed through 
stages as intermediate and type B spermatogonia. It 
is cohorts of connected type B spermatogonia that 
undergo mitotic division in order to become pri- 
mary spermatocytes. Spermatocytic differentiation 
then proceeds through several meiotic stages: prelep- 
totene primary, leptotene primary, zygotene primary, 
pachytene primary, and secondary. 

Analternativescheme of classification exists, outlined 
by Huckins [93,94]. In this system, spermatogonial stem 
cells, or As cells (for type A stem) are identified by the fact 
that they lack intercellular bridging. They divide to form 
either two daughter stem cells, or two paired spermato- 
gonia (Apr) connected by a cytoplasmic bridge due to 
incomplete cytokinesis. The Apr cells continue division 
to form chains of 4, 8, and 16 A-aligned (Aal) spermato- 
gonia. These in turn differentiate into Al spermatogonia, 
which undergo another series of six divisions, still with 
incomplete cytokinesis. The result of this is a clonal syn- 
citium of up to 4000 primary spermatocytes. 

Taken broadly, spermatocytic differentiation 
can be thought of simply as primary spermatocytes 
undergoing meiotic reduction division followed 
by equatorial divisions. The result of this process is 
a haploid round spermatid (Fig. 4.12). As has been 
previously described in this chapter, the round sperm- 
atid undergoes extensive modification with regard 
to its cellular architecture; the result is an elongated 
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spermatid that is ready for release into the seminifer- 
ous tubule. The process by which the mature sperm- 
atozoon is made from a round spermatid is termed 
spermiogenesis; the process by which the mature 
spermatid is released into the tubular lumen is called 
spermiation. 

Questions about the regulation of this process are 
many. They include the means by which the Sertoli cell 
communicates with developing cohorts of germ cells, 
while coordinating their individual efforts with other 
cells along the seminiferous tubule. In addition, the 
entire process needs to be subject to endocrine control, 
depending on the state of the organism in question. 
The most obvious and simplest example of this is the 
need for a coordinated onset to spermatogenesis when 
an animal enters puberty. We will first examine this 
endocrine regulation by specifically considering the 
hypothalamic-pituitary-gonadal axis. 


Hypothalamic—pituitary—gonadal axis 

Spermatogenesis is essentially controlled by the 
gonadotropic hormones, follicle-stimulating hor- 
mone (FSH) and luteinizing hormone (LH). FSH and 
LH are secreted by the anterior pituitary in response 
to secretion of gonadotropin-releasing hormone 
(GnRH) by the hypothalamus. LH, in turn, acts upon 
the Leydig cell to produce testosterone. FSH from the 
pituitary and testosterone from the Leydig cells then 
act upon the Sertoli cell to promote maturation of 
spermatogenic cells [95] (Fig. 4.13). Ultimately, both 
high levels of intratesticular testosterone and FSH are 
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Clearwater, FL: Cache River Press, 1990.) 


necessary for spermatogenesis to occur in an efficient 
manner [96]. 

Negative feedback in this pathway occurs on sev- 
eral levels. First, inhibin, a heterodimeric protein that 
belongs to the TGF-B family of glycoproteins, feeds 
back at the level of both the hypothalamus and the pitu- 
itary to decrease secretion of gonadotropins [97,98]. 
Inhibin B, secreted by Sertoli cells in response to stimu- 
lation by FSH, feeds back directly on the pituitary to 
inhibit transcription of the gene encoding the ß sub- 
unit of FSH [96,99]. Second, testosterone itself feeds 
back to decrease secretion of GnRH and LH together 
[95].Tight internal control of FSH and testosterone 
secretion is necessary for normal spermatogenesis in 
the fertile male. 

Investigation into the specific role of each of these 
hormones with regard to spermatogenesis has taken 
several forms. Knockout experiments in rodents have 
demonstrated the specific effects of loss of function at 
various points along this pathway. A brief description 
of these experiments follows; for an excellent review 
consult Kumar [100]. 


FSH-6 knockout mice 

Kumar and colleagues engineered knockout 
mice for the B subunit of FSH in 1997 [101]. 
Phenotypically, male mice were smaller on aver- 
age, and they had smaller testes. Despite decreased 
numbers of epididymal and testis sperm, these ani- 
mals were fertile. This was in part explained by the 
discovery that FSH receptor demonstrates some low 
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Fig. 4.13. Schematic representation of the hypothalamic-pituitary-gonadal axis. Specific attention is paid to downstream interactions 


within the testis at the cellular level. 


level of constitutive activity even in the absence of 
circulating FSH [102]. 

This finding in mice did confirm work in humans 
with an isolated point mutation in the FSH recep- 
tor; of three males identified who were homozygous 
for the mutation, two were fertile [103]. At the same 
time, other mutations in the human FSH receptor in 
the setting of complete male infertility have been iden- 
tified [104]. Female animals with this mutation were 
completely infertile; this also paralleled what was 
observed in human females with mutation of the FSH 
receptor [105]. 


FSH receptor knockout mice (FORKO) 


FSH receptor is a G-protein-coupled receptor with 
seven transmembrane spanning regions. To further 
elucidate the question of the role of FSH in sperma- 
togenesis, Diermice for FSH receptor in 1998 [106]. 
The phenotypiich and colleagues successfully gen- 
erated knockout c appearance of these animals was 
animals and dec also consistent with FSH-6 KO ani- 
mals, with small reased testis size observed. FORKO 
males were observed to enter puberty at a later stage 
than wild-type animals and did have impaired fer- 
tility [107]. Interestingly, male animals were found 
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to have low levels of testosterone and did not demon- 
strate a normal increase in testosterone production 
with administration of exogenous LH; this indicates 
derangement in Leydig cell-Sertoli cell interaction due 
to absence of FSH signaling in the Sertoli cell [108]. 


LH-6 knockout mice and LH receptor 
knockout mice (LHRKO) 


Ma and colleagues generated knockout mice for 
LH- subunit in 2004 [109]. Males were phenotyp- 
ically hypogonadal; both serum and intratesticular 
testosterone levels were extremely low. Both male 
and female animals were completely infertile. On 
histological examination of the testes, knockout ani- 
mals demonstrated few Leydig cells and no elongated 
spermatids. 

With regard to the Sertoli cell, these animals offered 
an opportunity to examine how the absence of testo- 
sterone would affect Sertoli cell function despite the 
presence of FSH. Interestingly, expression of FSH 
receptor did not change in knockout animals, although 
up-regulation of inhibin B and anti-Miillerian hor- 
mone (AMH) was observed [109]. 

LH receptor knockout mice (LHRKO) were gener- 
ated by Lei et al. in 2001 [110]. Male knockout animals 
were again found to be infertile; in addition, however, 
males demonstrated varying degrees of ambiguity, 
with undescended testes and accessory sex organs. 
Treatment with testosterone did not completely reverse 
this phenotype and did not restore fertility. Females 
were also completely infertile. Importantly, Lo and col- 
leagues used this model to demonstrate the feasibility 
of Leydig stem cell transplantation with de novo testos- 
terone production in these animals [111]. 


Androgen receptor knockout mice 
(ARKO, SCARKO) 


The above experiments clearly demonstrated the fact 
that LH and/or LH receptor, and therefore testoster- 
one, are necessary for spermatogenesis in these ani- 
mals; this is as opposed to FSH, which when knocked 
out resulted in impaired, but not absent, fertility. 
Confirmatory experiments using total knockout of 
androgen receptor and Sertoli-cell-specific knock- 
out of androgen receptor (SCARKO) were under- 
taken by De Gendt et al. in 2004 [68,112]. ARKO 
mice were found to have a completely ambiguous 
phenotype; this parallels the phenotype of testicu- 
lar feminization in the human (complete androgen 


insensitivity syndrome). Obviously, these animals 
were completely infertile [112]. 

SCARKO animals instead demonstrated a nor- 
mal male genitourinary tract and normal testicu- 
lar descent. Testis size was small on average, and 
histological examination of the testis demonstrated 
no evidence of elongated spermatids; this was des- 
pite normal numbers of Sertoli cells and apparently 
normal numbers of early spermatogenic cells [68]. 
Quantitative reverse transcriptase polymerase chain 
reaction (RT-PCR) experiments considering a num- 
ber of testis function genes demonstrated qualitative 
defects in the ability of ARKO/SCARKO animals to 
create and maintain a functional blood-testis barrier 
[113]. The ARKO/SCARKO experiments demon- 
strated that while androgen action is crucially import- 
ant to spermatogenesis, it may act through some 
mechanism other than the Sertoli cell androgen recep- 
tor itself. Further investigation in this area will obvi- 
ously prove to be important. 


Other local regulators of spermatogenesis 
Endocrine control of the spermatogenic process is 
well understood; the above experiments represent an 
effort to further elaborate the specifics ofhow LH, FSH, 
and testosterone contribute to spermatogenesis and 
phenotypic maleness through the hypothalamic—pitu- 
itary-gonadal axis. Regulation of spermatogenesis and 
Sertoli cell function is affected on many other levels, 
however. In recent years, tremendous advances have 
been made regarding autocrine and paracrine regula- 
tion of the Sertoli cell. 

Paracrine regulators of Sertoli cell and testis func- 
tion include testicular cytokines and growth factors; 
many of these are listed in Figure 4.13. Some of these 
that are of particular interest are interleukins 1 and 
6, leukemic inhibitory factor (LIF), stem cell factor 
or KIT ligand (SCF or KIT), tumor necrosis factor 
(TNF), and interferon gamma (IFN-y). The inter- 
play of these factors between Sertoli cells and adja- 
cent Leydig cells, peritubular myoid cells, testicular 
macrophages, and germ cells is one of the means by 
which local communication in the testis occurs. This 
communication is vitally important to the coordina- 
tion of Sertoli cells and germ cells as spermatogenesis 
proceeds. 


Interleukin 1 


Interleukin 1 (IL-1) is actually a family of molecules 
consisting of IL-la, IL-1, and IL-1RA, a naturally 


ES 


A 


Chapter 4: The Sertoli cell: morphology, function, and regulation 


occurring receptor antagonist [114-116]. In addi- 
tion, IL-1 has two predominate receptor types, IL-1R1 
and IL-1R2 [117]. IL-1 in general is a pro-inflamma- 
tory cytokine; its effects are mediated by the fact that 
IL1-R2 is a scavenging receptor type that binds circu- 
lating IL-1 and blocks its effects. In addition, IL-1R1 
can exist both as a membrane-bound receptor and as 
a soluble, nonsignaling receptor, in essence also act- 
ing as an IL-1 block. Taken together, IL-1R2, soluble 
IL-1R1, and IL-1RA act together to down-regulate the 
pro-inflammatory effects of IL-1 [118-120]. 

In varying degrees, IL-la, IL1-ß, IL-IRA, and 
both receptor types are expressed throughout the 
testis. Specifically, experiments demonstrate IL-1 
receptor in Sertoli cells, Leydig cells, and germ cells 
[117]. FSH, TNF-a, and lipopolysaccharides (LPS) 
all increase expression of IL-1 by the Sertoli cell 
[121,122]. Finally, remains of degenerating germ 
cells (i.e., residual bodies from elongate spermatids) 
also increase expression of IL-1 [121,123]. 

What emerges is a complex picture. Does IL-1 
mediate something akin to the inflammatory response 
within the seminiferous tubule? Is IL-1 responsible for 
coordinated germ cell apoptosis? 


Interleukin 6 and leukemic 
inhibitory factor 


Interleukin 6 is a well-known pro-inflammatory cyto- 
kine. Specifically, it is implicated in the differentiation 
of both B cells and T cells [124]. It complexes with a 
transmembrane protein, IL-6Ra, which then associ- 
ates with a receptor subunit, gp130, which then causes 
a downstream intracellular cascade through Map 
kinase [125]. 

LIF isa subtype of this family. LIF, which halts germ 
cell apoptosis and encourages proliferation, is a mur- 
ine model. It is expressed within the testis by peritu- 
bular myoid cells and acts through IL-6Ra expressed 
on Sertoli cells. Expression of LIF increases with 
administration of hCG; IL-6 increases with admin- 
istration of FSH [126-128]. LIF appears to promote 
both Sertoli cell and germ cell survival in addition to 
promoting germ cell differentiation [129,130]. 

Again, a complex and incompletely understood 
picture emerges. As IL-6 secretion is stimulated by 
IL-1, it appears that a mechanism for tight, self-regu- 
lated control of apoptosis and germ cell proliferation 
exists within the testis. Elaboration of this pathway and 
its implications for germ cell development are of para- 
mount importance. 


TGF- signaling as a regulator of 
spermatogenesis 


The transforming growth factor 6 superfamily of pro- 
teins is a group of ligands involved in cell signaling that 
share a common mechanism of action. When active, 
these proteins dimerize through conserved cyst- 
eine residues in each subunit that attach via disulfide 
bonds. Members of this family of proteins include 
TGF-61-3, inhibin, activin, bone morphogenic 
protein (BMP), anti-Miillerian hormone (AMH), 
growth and differentiation factors (GDF), and the 
glial-cell-line-derived neurotropic factor (GDNF) 
[131-136] (Table 4.1). 

TGF superfamily ligands bind common receptors 
with shared downstream signaling pathways within 
the cell. Type I and type II receptors both have either 
serine or threonine kinase activity; type II receptors 
are constitutively active, whereas type I receptors are 
not [137]. One of the downstream signaling pathways 
that is well understood is that of Smad [138]. Knockout 
mice for several different BMPs and Smads were gen- 
erated; the results varied tremendously as a result of 
the critical importance of TGF-6 signaling to proper 
development and morphogenesis. Through analysis 
of these results, the role of BMPs, inhibin, activin, 
and TGF- in spermatogonial differentiation has 
become clearer. 


Sertoli cell protein secretion 

All of the uniqueness of the Sertoli cell derives from its 
role as the “nurse” cell for developing spermatogenic 
cells. The blood-testis barrier protects differentiating 
germ cells from exposure to the immune system of 
the host organism in question. On the other hand, by 
isolating germ cells from circulating nutrients and 
other factors, the blood-testis barrier necessitates 
active delivery of these factors to germ cells on the 
part of the Sertoli cell. Amongst other compounds 
that perform this function in some part, androgen- 
binding protein, transferrin, and SPARC are consid- 
ered here. 


Androgen-binding protein (ABP) 

A testicular analog to serum sex hormone-binding 
globulin, androgen-binding protein was initially iso- 
lated from the rat epididymis [139]; secretion of this 
protein was then localized to the Sertoli cell [140]. ABP 
binds both testosterone and dihydrotestosterone with 
high affinity [141]. 
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Table 4.1. Selected TGF-ß superfamily growth factors and receptors 


Protein 


TGF-B1 


TGF-B2 


TGF-B3 


Inhibin 


Activin 


BMP2 


BMP4 


BMP8a 


BMP8b 


BMP15 


Receptor 


ALK1, ALK2, 
ALKS (type |) 
TBRII (type II) 


ALK2, ALK5 
(type |), TBRII 
(type ll) 


ALK1, ALK2, 
ALKS (type |) 
TBRII (type II) 


ActRIl, ActRIl 
(type ll) 


ALK1, ALK2, 
ALK4 (type |) 
ActRIB, ActRI 


ActRIlb (type I!) 


ALK3, ALK6 
ype |), ActR 
ActRilb, BMP 
ype Il) 
ALK3, ALK6 
ype |), BMP 
ype Il) 


ALK3, ALK6 
ype |), BMP 
ype ll) 


ALK3, ALK6 


ell) 


3, ALK6 
e |), BMP 
ell) 


6 (type |) 
RII, BMPR 


ype ll) 


ALK2 (type |) 
MISRII (type | 


1 


1 


b 


1 


1 


RII 


RII 


e |) BMPRII 


RII 


1 


1 


1) 


Human 
disease? 


Yes 


Yes 


Yes 


Yes 


Yes 


Yes 


Yes 


Yes 


Yes 


Yes 


Yes 


Yes 


Human phenotype 


Camurati-Engelmann 
disease; hypertension, 
osteoporosis, 
atherosclerosis (other 
diseases associated with 
altered receptor function 
including pre-eclampsia) 


Amyloidosis, Alzheimer’s 
disease, oculopathy/ 
retinopathy, cleft palate 


Cleft palate 


Huntington's disease, 
Parkinson's disease 


Osteoporosis, 
myeloproliferative 
disease, myelofibrosis 


Fibrodysplasia Ossificans 
Progressiva 


Myeloproliferative 
disease, myelofibrosis 


Myeloproliferative 
disease, myelofibrosis 


Ovarian dysgenesis 


Brachydactyly, 
chondroplasia 


Hirschsprung disease 


Persistent MUullerian duct 
syndrome 


Animal knockout 
model 


Yolk sac defects, 
inflammatory 
disorders, lethal 


Lethal in utero; 
skeletal, craniofacial, 
cardiac, renal 
defects 


Lethal in utero; cleft 
palate 


Gonadal and 
adrenal tumors 


Variable 
presentation 
depending on 
subunit lost 


Lethal in utero; 
cardiac defects 


Lethal in utero; 
abnormal 
mesodermal 

differentiation 


Viable; males 
subfertile, 
degeneration 
of epididymal 
epithelium 


Viable; males 
subfertile 


Viable, females 
subfertile 


Viable; females 
infertile 


Lethal in utero; 
abnormal renal 
development 


Viable; males 
develop uteri, 
infertile 


Testis function 


Steroidogenesis; 
possible paracrine 
regulator of 
spermatogenesis 


Early gonadal 
development 


Early gonadal 
development, adult 
tight junction/ 
adherens junction 
regulation 


Autocrine/paracrine 
regulation of 
spermatogenesis 


Autocrine/paracrine 
regulation of 
spermatogenesis 


Primordial germ cell 
development 


Primordial germ cell 
development 


Adult 
spermatogenesis 


Primordial germ cell 
development; adult 
spermatogenesis 


Proper male 
differentiation 
through initiation 
of Mullerian duct 
structure regression 


| 
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Table 4.1. continued 


Protein Receptor Human Human phenotype Animal knockout Testis function 
disease? model 
SMAD2 n/a Yes Colorectal cancer, lung Lethal in utero; Downstream 
cancer, hepatocellular no mesodermal mediation of above 
cancer ormation isted effects 
SMAD4 n/a Yes Multiple cancers; juvenile Lethal; defective Downstream 
polyposis endodermal mediation of above 
ormation, isted effects 
gastrulation defect 
SMAD5 n/a Lethal in utero; Downstream 
abnormal mediation of above 
primordial germ cell isted effects 


Secretion of ABP by the Sertoli cell is stimulated by 
both FSH and testosterone independently [142]. The 
majority of ABP produced in the cell is secreted api- 
cally into the lumen of the seminiferous tubule; some 
lesser amount (approx 20%) is secreted basally into the 
interstitium of the testis [143]. In addition, germ cells 
have been demonstrated to internalize ABP complexed 
to testosterone via endocytosis [144]. 

Therefore, it has been theorized that ABP repre- 
sents a crucial “reservoir” of circulating testosterone 
in the testis that might be utilized by differentiating 
germ cells. Recent evidence argues against this, how- 
ever. First, Joseph and colleagues (1997) engineered 
ABP-transgenic mice that constitutively overexpressed 
ABP. Phenotypically, animals demonstrated deranged 
spermatogenesis which progressed ultimately to com- 
plete infertility [145]. The authors concluded that this 
was due to decreased bioavailability of circulating 
androgens within the testis; this contradicts the idea 
that ABP-bound testosterone represents the fraction of 
intratesticular androgen that germ cells rely upon for 
differentiation. 

Second, Jarow and colleagues (2005) demonstrated 
in both mice and humans a significant discrepancy 
between serum free testosterone, intratesticular free 
testosterone, intratesticular ABP-bound testosterone, 
and ABP levels [146,147]. They concluded that some 
other, as yet unidentified, molecule must account for 
the majority of bound testosterone in the testis — total 
testosterone levels in the testis being far higher than in 
serum. Obviously, continued research into the regula- 
tion of intratesticular androgen levels is necessary. 


Transferrin 


Unlike glucose, which is transported across the 
blood-testis barrier and then converted to lactate 


development 


for germ cells to metabolize [148-152], shuttling 
iron into germ cells requires a complex series of steps 
including receptor-mediated endocytosis of trans- 
ferrin, which is centrally important [153,154]. A 
serum glycoprotein, transferrin must be complexed to 
iron at both the Sertoli cell membrane and the germ 
cell membrane in order for iron to cross the cell mem- 
brane. Iron is vitally important to cell division, and 
therefore it is needed by germ cells and spermatocytes. 
As is mentioned elsewhere in this chapter, this ration- 
ale has been the basis for using transferrin levels as a 
marker of Sertoli cell differentiation. 

Transferrin mediates iron transport throughout the 
body; most transferrin is synthesized in the liver and 
secreted into the circulation. Transferrin represents a 
major component of total body iron metabolism [155]. 
Skinner and Griswold first demonstrated synthesis of 
transferrin in the Sertoli cell in 1980 [156]. Since then, 
considerable research has been undertaken into the 
function and regulation of transferrin in the testis. 

As in many other tissues in the body, serum trans- 
ferrin bound to two Fe** molecules is internalized into 
the Sertoli cell via receptor-mediated endocytosis. A 
pH-driven reaction within the CURL (compartment 
of uncoupling and recycling of ligand) frees transferrin 
to allow it to return to the basolateral membrane and 
thereby to be recycled. Meanwhile, free Fe** within the 
intracellular space is bound by testicular transferrin and 
then secreted into the adluminal compartment. Free iron 
is again bound by transferrin, this time on the germ cell 
surface, and then the complex is internalized by the germ 
cell, again via receptor-mediated endocytosis [153,154]. 

Much effort has gone into identifying the regula- 
tion of transferrin production within the Sertoli cell; 
theoretically, regulation of transferrin should offer 
insight into overall regulation of spermatogenesis. 
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Lecureuil and colleagues engineered a transgenic 
mouse that expressed human transferrin in Sertoli 
cell cultures isolated from the testis. They ultimately 
identified FSH, vitamin A, insulin, and TNF-a as 
independent factors that increased transferrin 
expression. Interestingly, testosterone alone had no 
effect on transferrin levels [157]. 

Seminal transferrin levels correlate with basic 
semen parameters including sperm density; this find- 
ing is consistent with the central importance of iron 
metabolism to successful spermatogenesis [158]. 


SPARC (secreted protein, acidic and 
rich in cystein) 


A divalent ion transporter that is presumably involved 
in calcium transport, SPARC was first demonstrated 
in the gonad by Howe and colleagues in 1988 [159]. 
Although it is unclear exactly what function SPARC 
provides in the Sertoli cell, several important pieces 
of information are known. First, SPARC is known to 
regulate other signaling molecules, including TGF-6, 
that are responsible for differentiation of the Sertoli 
cell [160,161]. Second, SPARC is known to regulate 
the expression of molecules such as matrix metallo- 
proteases (MMPs) that are involved in cell adhesion, 
another crucially important function of the Sertoli 
cell [162]. Third, SPARC is expressed in germ cells. 
In testing the hypothesis that SPARC may be import- 
ant in the differentiating embryonic testis, Wilson 
and colleagues demonstrated a significant increase in 
level of SPARC identified in the fetal testis of rats when 
compared with levels in adult males and in fetal ovaries 
[163]. The conclusion that SPARC is necessary for fetal 
development of the testis is contradicted by the finding 
that SPARC knockout animals are fertile [164]. 


Matrix metalloproteases (MMP) 

MMP secretion is vitally important to the fluidity of the 
BTBand its role in spermatogenesis. Metalloproteases, 
such as MMP-2 (gelatinase A), MMP-4 (type IV colla- 
genase), MMP-9 (gelatinase B), degrade the collagen 
network and thereby disrupt tight junction function 
and the blood-testis barrier [165,166]. 

Interestingly, MMP secretion (in addition to secre- 
tion of tissue inhibitor of metalloproteases 1, TIMP-1) 
is directly affected by both TNF-a and TGF-6 in vitro 
[167-169]. This is consistent with the hypothesis that 
TNF-a secreted by the basement membrane of the 
seminiferous tubule can regulate assembly and dis- 
assembly of the BTB depending on the presence of 


conditions suitable for spermatogenesis; also, this evi- 
dence is consistent with models that allow for TGF-6 as 
a central regulator. 


Cellular retinol-binding protein (CRBP) 
and cellular retinoic acid-binding protein 
(CRABP) 


Retinol (vitamin A) is centrally important to sperm- 
atogenesis; it helps to maintain the blood-testis barrier, 
enhances the effects of testosterone on the Sertoli cell, 
and helps enable both adhesion of spermatogonia and 
proper spermiation [170-172]. This effect is depend- 
ent upon retinoic acid (RA), which is transcriptionally 
active through two nuclear receptors (RAR a and $p) 
[173,174]. 

The major portion of retinoic acid used for this 
process is synthesized in the testis from circulating 
retinol bound to retinol-binding protein (RBP) [175]. 
Within the Sertoli cell, retinol is bound to one of two 
proteins (CRBP-1 and CRBP-2) [176-178], while ret- 
inoic acid is bound to CRABP-2 [179]. CRABP-1 is 
expressed predominantly in spermatogonia [180]. 
The crucial effects of retinoic acid on spermatogen- 
esis were experimentally delineated in vitamin A 
deficient (VAD) rats [170], and in retinoic acid recep- 
tor mutated mice. Spermatogenesis is absent in these 
animals at baseline, but it can be rescued with admin- 
istration of retinoic acid. Interestingly, these animals 
do not demonstrate uniform absence of fertility at a 
prepubertal age [181,182]. 


Sertoli cell regulation of testis 
development 


A more comprehensive discussion of testis development 
is found in Chapter 1; however, for the purposes of this 
chapter, a brief consideration of the Sertoli cell’s role in 
sexual differentiation is necessary. Brennan and Capel 
have published an excellent review of this topic [183]. 
In the mouse embryo, expression of Sry, the 
Y-chromosomal testis-determining factor, causes 
differentiation of Sertoli cells as early as 10.5 days 
postcoitum [184-186]. This single event represents 
the earliest recognizable step in male differentiation; 
subsequent to this, Sertoli cells act to organize the 
primordial gonad into testis cords with segregated 
germ cells that will eventually differentiate into 
seminiferous tubules [187]. Between the cords, peri- 
tubular myoid cells and Leydig cell precursors begin 
to fill what will become the interstitium of the testis. 


iz 
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By 12.5 days, the primordial gonad is organized into 
what is recognizably an early precursor to the testis. 
Numerous downstream genes in the Sertoli cell are 
implicated in this differentiation; these genes include 
Dax1, Fgf9, Sox9, and Gata4 amongst many others 
[188-191]. Selective knockouts of these genes resulted 
in phenotypes ranging from sex reversal, to infertility, 
to fetal demise [192-195]. 

Oddsex mutation, for example, first described 
by Bishop and colleagues in 2000, has provided tre- 
mendous insight into Sry-driven sexual differen- 
tiation [196]. Infertile, sex-reversed XX mice were 
initially found to have an upstream deletion that 
was thought to result in overexpression of Sox9 
despite the absence of Sry. Further research into this 
animal instead determined that insertion of a tyrosi- 
nase minigene upstream of Sox9 was responsible for 
Sox9 overexpression [197]. This autosomal dominant 
gene, Ods, contains a dopamine tautomerase promoter 
region (Dct) that specifically causes Sox9 overexpres- 
sion [198]. Interestingly, in order to determine the role 
of this mutation in nonXX animals, Qin and Bishop 
generated SRY-XY Ods/+ male mice [199]. These mice 
were subfertile, with initially normal male differentia- 
tion and progressive loss of fertility with age. In order 
to answer the question whether quantitative expres- 
sion of Sox9 could completely reverse the infertility 
phenotype, SRY-XY Ods/Ods homozygous mutants 
were generated; these animals exhibited a normal male 
phenotype and intact fertility. 


Future directions 

Continued research into the Sertoli cell is ongoing. 
Microarray techniques, including proteomic and gen- 
omic analysis, have begun to yield huge volumes of 
information about this complex and transcriptionally 
very active cell. Many of the answers to long-standing 
questions regarding stage-specific function of the cell 
may be found in the proteosome of Sertoli cells at vari- 
ous stages of development. 

Further understanding of Sertoli cell physiology 
opens the door for continued research in male infertil- 
ity; successful transplantation of germ cells has been 
demonstrated as a technique for restoration of fertil- 
ity in animals [88,89]. The future potential for human 
germ cell co-culture remains an area with huge possi- 
ble yields as a treatment option for male infertility. 

Finally, the Sertoli cell’s unique physiologic prop- 
erties have attracted researchers from other fields to 
its study. For example, ongoing research in animal 


transplantation demonstrates the immunoprotective 
value of co-transplantation of Sertoli cells. The possi- 
ble future application of this to human transplantation 
could also be very fruitful. 


Conclusions 

The Sertoli cell has fascinated researchers for years. 
Its complex physiology, its unique and central role in 
reproductive function, and its cornerstone status in 
phenotypic maleness have made it a favorite target of 
investigators. However, as so much has been gained 
in terms of understanding of the Sertoli cell, each new 
piece of information illuminates much more that war- 
rants further research. A greater understanding of 
the Sertoli cell, its physiology, and its function, will 
be absolutely central to treating male infertility in the 
twenty-first century. 
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Introduction 


Spermatogenesis refers to the production and develop- 
ment of spermatozoa, the mature male gametes of most 
sexually reproducing species. In mammals, spermato- 
genesis begins with diploid stem cells that resemble 
other somatic cells; it ends with highly specialized 
motile haploid cells that are remarkably unique in 
appearance and function. While somewhat lengthy, 
taking about 64 days in humans [1,2], spermatogenesis 
isa highly efficient procedure leading to the production 
of an estimated 70 million spermatozoa daily [3]. This 
coordinated development proceeds through sequen- 
tial stages that have been well characterized in classic 
morphological studies and whose molecular mecha- 
nisms are currently under intensive investigation 
[4-7]. The stages of spermatogenesis are summarized 
in Table 5.1. These will be examined later in the chap- 
ter; first, we will describe the end product - the mature 
spermatozoon - and the theater of production - the 
seminiferous tubule of the testis. 


Structure of the mature spermatozoon 


Spermatozoa exhibit a wide variation in shape 
between species. Rodent spermatozoa have a falciform 
head shape, while the spermatozoa of humans and 
other mammals have a spatulated head [8]. Electron 
microscopy has given us detailed images of the mature 
spermatozoon; simply, it is divided into a head and fla- 
gellum with a small connecting neck in between. 

The head is further subdivided into the acrosomal 
and postacrosomal regions. The acrosomal cap forms 
the more rostral part of the acrosome, and it is followed 
by the equatorial segment (or posterior acrosome). The 
largest part of the sperm head volume is occupied by an 
ovoid nucleus, which is surrounded by a perinuclear 
theca. The nucleus lies deep to the posterior acrosome 
and extends into the postacrosomal region all the way 
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to the basal plate; this forms the boundary with the 
neck region. 

The connecting piece consists of a truncated cone, 
with its base lodged in a small fossa of the nuclear enve- 
lope and its tip connecting to the flagellum [4]. It con- 
tains the proximal centriole, arranged perpendicularly 
to the axis of the spermatozoon. At its tip, the distal 
or longitudinal centriole is modified to give rise to the 
axoneme of the flagellum [4,8,9]. 

The flagellum itself consists of a central axo- 
neme surrounded by periaxonemal structures. The 
axoneme consists of two central microtubules sur- 
rounded by a circle of nine microtubule doublets 
(9 + 2 configuration). Two dynein arms extend from 
each microtubule pair and are responsible for flagel- 
lar motion. Mutations in the left-to-right dynein gene 
(Lrd) cause immotile cilia syndrome with associated 
infertility in males. The flagellum can be subdivided 
into “pieces” based on the type of periaxonemal struc- 
ture present. The most rostral part is the midpiece, 
where the axoneme is surrounded by nine outer dense 
fibers (ODF) and a mitochondrial sheath. This is fol- 
lowed by the principal piece, where the number of outer 
dense fibers drops to seven, and the mitochondria are 
replaced bya fibrous sheath [9]. The fibrous sheath con- 
sists of semicircular transverse ribs extending from two 
anchoring columns associated with axonemal doublets 
3 and 8. This arrangement of the sheath poses a limit 
on the plane of motion of the flagellum, presumably 
enhancing sperm motility [9,10]. The flagellum ter- 
minates in the endpiece, which consists of remnants of 
the axoneme [9, 11]. 


Histology of seminiferous tubules 

The adult human testis measures 15-25 cm? in vol- 
ume [12]. It is surrounded by a fibrous capsule, the 
tunica albuginea. It is divided into 200-300 lobules 
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Table 5.1. Cell types and steps of spermatogenesis 


Starting cell type Ploidy Process 
Aspermatogonium Diploid (2n) 

B spermatogonium Diploid (2n) 

Primary spermatocyte Diploid (4n) Meiosis | 
Secondary spermatocyte Haploid (2n) Meiosis II 
Spermatid Haploid (1n) Spermiogenesis 
Spermatozoon Haploid (1n) Spermiation 


by septations that extend from the tunica albuginea 
towards the testicular mediastinum (or hilum) [4]. 
Each of these lobules contains several seminiferous 
tubules, where spermatogenesis occurs. Each sem- 
iniferous tubule arises and ends at the rete testis, an 
anastomosing network of tubules that empties into 
the efferent ductules. Seminiferous tubules are highly 
convoluted, averaging 70-80 cm in length [4,13]. This 
arrangement results in a large surface of germinal 
epithelium that occupies a small compact space, 
thereby allowing the production of a large number of 
spermatozoa daily [3]. 

Each seminiferous tubule consists of a basement 
membrane lined by Sertoli cells interspersed with germ 
cells at various stages of maturation. Maturation of the 
germ cells occurs in a centripetal fashion, with imma- 
ture cells starting out at the periphery in apposition 
to the basement membrane, and migrating towards 
the lumen as they go through the various stages of 
spermatogenesis. Using light microscopy, Heller and 
Clermont initially identified 13 types of germ cells in 
humans [5,14]. In ascending order of maturity these 
are: dark type A spermatogonia (Ad); pale type A sper- 
matogonia (Ap); type B spermatogonia (B); prelepto- 
tene primary spermatocytes (R); leptotene primary 
spermatocytes (L); zygotene primary spermatocytes 
(z); pachytene primary spermatocytes (p); diplotene 
primary spermatocytes (d); secondary spermatocytes 
(II); and Sa, Sb1, Sb2, Sc, Sd1, and Sd2 spermatids. 


Spermatogenic cycles and waves 

Histological analysis of seminiferous tubules shows 
that neighboring germ cells differentiate in a synchro- 
nous manner. Thus, each section of tubule exhibits 
a specific pattern of cell types and cell-cell associa- 
tions, and this allows classification of the epithelial 
sections into distinct stages. The number of stages is 
highly variable per species; there are six in humans and 


Spermatocytogenesis (renewal ) 


Spermatocytogenesis (differentiation) 


Ending cell type 
Aspermatogonium 
Bspermatogonium 


Primary spermatocyte 


Secondary 
spermatocyte 


Spermatid 
Spermatozoa 


Free spermatozoa 


12-14 in rodents [6,14,15]. Stages are conventionally 
denoted by roman numerals, and follow a specific pro- 
gression (i.e., in humans stage I is followed by II, then 
III, and so on, with the sequence repeating after stage 
VI). The number of stages depends on the duration of 
the spermatogenic cycle, the number of generations 
between spermatogonia and mature sperm, and the 
frequency of divisions of spermatogonia. Interestingly, 
in rodents, stages that follow each other temporally are 
also spatially adjacent, and thus the entire sequence 
can be described as a “spermatogenic wave” along 
the tubules. In rodents, any particular stage occupies 
the entire circumference of the tubule, making detec- 
tion of the spermatogenic wave fairly straightforward. 
Humans, however, can exhibit more than one stage 
per cross section [6,14]. Careful mapping and three- 
dimensional reconstruction of the various stages in 
human biopsies has shown that this is due to a spiral 
arrangement of the spermatogenic wave in humans, 
rather than a random patchwork of various stages 
[16]. In humans, the entire cycle of six stages takes 
approximately 64 days [1]. Because differentiating 
spermatogonia divide approximately every 16 days, 
there are usually four cohorts of maturing germ cells 
seen in any particular stage. 


Spermatogenesis 
Spermatogonia: renewal, proliferation, 
and death 


Spermatogonia are specialized diploid cells located on 
the basement membrane of the seminiferous tubule; 
these cells are the ancestors of all the other germ cell 
types [4,17]. Because spermatogonia are the only germ 
cells that undergo meiosis, the final product of sperm- 
atogenesis is ultimately dependent on their function. 
To ensure a steady supply of mature spermatozoa 
throughout life, spermatogonia must perform three 
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functions: (1) differentiation into spermatozoa, (2) 
self-renewal, and (3) control of the ratio of germ cells 
to Sertoli cells by apoptosis [18]. 


Embryonic development of spermatogonia 


The embryonic development of germ cells has been 
described in Chapter 1. Briefly, primordial germ cells 
of the gonadal ridge associate with Sertoli cells and 
then become gonocytes. Between birth and 6 months 
of age, gonocytes differentiate into spermatogonia [19]. 
Although generally considered to be quiescent before 
puberty, are observed to increase in number of sper- 
matogonia between ages 7 and 13 years, according to 
stereological studies of autopsy specimens from acci- 
dental deaths [20,21]. The increase in spermatogonial 
cell numbers, in absolute counts as well as relative to 
Sertoli cell numbers, accounts for most of the increase 
in testicular size seen in this period [21]. This period of 
mitotic activity has been confirmed in other primates 
[22]. Following the onset of puberty, spermatogonia 
begin the parallel processes of proliferation and dif- 
ferentiation towards spermatozoa. 


Stem cells and self-renewal 


Continuous production of spermatozoa throughout 
life requires that spermatogonia replenish them- 
selves. This self-renewal depends on a subgroup of 
spermatogonia, known as stem cells; these stem cells 
can undergo either mitosis, leading to daughter stem 
cells, or differentiation. Identification of these stem 
cells is of obvious importance, because preservation 
and expansion of this group can theoretically restart 
spermatogenesis after exposure to gonadotoxic insults 
such as radiation or chemotherapy. 

Spermatogonia can be broadly divided into type 
A and type B subpopulations based on their hetero- 
chromatin contents, with type B cells having more 
heterochromatin than type A. Since heterochroma- 
tin consists predominantly of transcriptionally silent 
DNA, an increase in heterochromatin is a sign of dif- 
ferentiation in many cell lineages [18]. Thus it has 
always been theorized that type A spermatogonia 
are precursors of the type B subpopulation, and that 
spermatogonial stem cells (SSCs) must be a subgroup 
of A spermatogonia [23]. The exact identity of SSCs and 
their proliferation schema have been extensively stud- 
ied in many species. Because much greater progress has 
been made in rodents than in primates, we will describe 
the former first. 

In rodents, spermatogonial stem cells (as described 
by Huckins) are referred to as As cells (for type A single 


or type A stem) [7], and they are characterized by the 
fact that they are the only germ cells that lack inter- 
cellular bridges [24]. They divide to form either two 
daughter stem cells or two paired spermatogonia (Apr) 
connected by a cytoplasmic bridge due to incomplete 
cytokinesis. The Apr cells are then committed to con- 
tinue division to form chains of 4, 8 and 16 A-aligned 
(Aal) spermatogonia. These in turn differentiate into 
A1 spermatogonia, which undergo another series of six 
divisions, still with incomplete cytokinesis, to form a 
clonal syncitium of up to 4000 primary spermatocytes 
[25,26]. There is a debate as to whether As stem cells 
continuously divide to give rise to Apr and subsequent 
progeny during normal spermatogenesis or merely 
act as a reserve population that is activated only after 
depletion of more differentiated spermatogonia due to 
a toxic insult [18]. In the latter model, A4 spermato- 
gonia are believed to give rise to Al spermatogonia to 
ensure self-renewal under normal circumstances [5]. 
Most investigators, however, hold to the former (As) 
model [27]. 

The picture is less clear in primates. In his classic 
morphological studies, Clermont classified spermato- 
gonia based on their nuclear chromatin staining pattern 
when treated with Zenker-formol [23]. He identified 
three subtypes: type A dark spermatogonia (denoted as 
Ad), type A pale spermatogonia (Ap), and type B sper- 
matogonia (B). Type B spermatogonia were designated 
as the immediate precursors of spermatocytes, on the 
basis of the similarity of their nuclear volume to that of 
spermatocytes, and the fact that type B cells were most 
abundant in spermatogenic stages VI, I, and II, just 
before the peak numbers of preleptotene spermatocytes 
in stages III and IV. In addition, quantitative studies 
found that Ad, Ap, and B spermatogonia and prelepto- 
tene primary spermatocytes were found in the approxi- 
mate ratio of 1: 1:2:4, suggesting that division of B cells 
led to development of spermatocytes [23]. Assignment 
of Ap cells as the precursors of B cells was more tenu- 
ous, being based solely on the closer nuclear morphol- 
ogy. He thus proposed a model in which Ad cells were 
the stem cell that divided to give rise to more Ad cells 
for purposes of self-renewal, or to Ap cells that go on to 
produce B cells and spermatocytes. While Clermont’s 
Ap — B —> spermatocyte progression has generally 
been accepted, his identification of Ad cells as the 
SSCs has been disputed [18,26,27]. 

In testicular biopsies of men treated with 
chemotherapy or radiation, Schulze found that Ad 
cells were totally absent, while some Ap cells survived. 
Arguing that stem cells ought to be more resistant to 
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gonadotoxic insults, it was proposed that Ap cells func- 
tioned as the SSCs [28]. In irradiated rhesus monkey 
testes, repopulation of the seminiferous tubules began 
with clonal patches of both dark and pale spermatogo- 
nia found as single, paired, or chained cells [29]. This 
suggested that Ap and Ad cells formed parallel popula- 
tions that could both function as SSCs. More recently, 
Ehmcke et al. used the fact that stem cells in many line- 
ages can be identified by their ability to retain BrdU 
labeling longer than other more frequently dividing 
cells. They thus identified single (i.e., not paired or 
chained) Ap cells as the self-renewing stem cells in 
macaque testis. In other words, the earliest indica- 
tor of spermatogonial commitment along the path of 
differentiation is incomplete cytokinesis after mitotic 
division, and only single spermatogonial cells func- 
tion as true stem cells. They further confirmed that 
primate spermatogonia proliferate into synchronized 
clones that enter meiosis in lockstep, just as in rodents 
[30]. Compared to rodents, however, the number of 
mitotic divisions leading from SSCs to spermatocytes 
is much lower in primates, particularly humans. This 
leads to a lower efficiency of spermatozoa production, 
but a higher fidelity of DNA copying in the longer-lived 
primates [26]. With Ap cells now known to function 
as self-renewing SSCs, single Ad cells are currently 
believed to act as reserve stem cells that only activate 
when Ap cells are depleted [27,31]. This belief is sup- 
ported by the fact that acutely radiated testes show 
extensive depletion of Ap cells with preservation of Ad 
cells. After longer intervals, however, Ad cells decrease 
as Ap cells transiently increase, suggesting a conver- 
sion from the former to the latter [29]. In addition, 
involution of Ap cells as a result of aging in humans is 
seen in the sixth decade, while Ad spermatogonia per- 
sist in large numbers until the eighth decade, a finding 
consistent with Ad spermatogonia being precursors of 
Ap cells [32]. 


Stem cell transplantation 


Spermatogonial stem cells are believed to be fairly 
rare, with an estimated frequency of less than 0.1% 
in rodents [33]. This has made the isolation and study 
of an enriched population of SSCs fairly difficult. One 
breakthrough came in 1994, when Brinster and col- 
leagues reported the successful re-establishment of 
spermatogenesis and production of offspring after 
transplantation of SSCs into sterile recipient mice tes- 
tes [34,35]. This provided a functional assay to measure 
enrichment of stem cells via various approaches. These 
approaches have combined the use of cryptorchid 


mouse testes (which have lower differentiated and 
haploid germ cell numbers), with fluorescent cell sort- 
ing based on surface markers of stem cells, extrusion 
of vital dyes, or expression of stem-cell-specific marker 
transgenes [27,36-38]. 

Crucially important to the goal of achieving 
successful culture and differentiation of SSCs is 
the expression of the c-kit tyrosine kinase receptor. 
Expression of this receptor allows for binding of the 
kit ligand in vivo; this ligand (also known as mast cell 
growth factor [MGF], stem cell factor [SCF], and Steel 
factor) is produced by Sertoli cells, and binding of 
this ligand is thought to represent an initial event in 
the differentiation of SSCs to spermatids. Successful 
co-culture experiments with Sertoli cells and early 
undifferentiated spermatogonia demonstrate both the 
presence of kit ligand and spermatogonial expression 
of the c-kit receptor [39, 40]. 

Another benefit of the transplantation experiments 
has been the ability to generate transgenic animals 
through the male germline [41]. Successful transplant- 
ation across related species has also been reported [42, 
43]. Still, technical difficulties and safety concerns 
have so far kept the ultimate benefit, transplant- 
ation of human SSC to treat infertility, from being 
realized [27]. 


Regulation of spermatogonial fate 


Spermatogonial stem cells (SSCs) maintain a tight 
balance between differentiation and self-renewal. 
One of the earliest models proposed for this was invari- 
ant asymmetric division, in which an SSC divides into 
one daughter SSC and one Ap spermatogonium that 
undergoes differentiation [23]. Most evidence, how- 
ever, points to a symmetric model in which the daugh- 
ter cells of SSC divisions are identical. Whether the 
division leads to two single cells, or to paired A sperm- 
atogonia that undergo proliferation and differentiation, 
depends on the microenvironment of the parent cell 
[18]. Only when present within the so-called “stem 
cell niche” would a stem cell avoid differentiation and 
remain uncommitted. 

The stem cell niche concept has been developed in 
studies of other cell lineages, particularly epithelial and 
hematopoetic lines [44]. The factors that characterize 
the niche include secreted factors, extracellular matrix 
proteins, and cell-cell adhesion molecules [44]. In the 
case of SSCs, only a few of these factors have been iden- 
tified so far [45]. Not surprisingly, these factors, and 
therefore the presence and maintenance of the niche, 
are controlled by Sertoli cells. 


= 


Chapter 5: Spermatogenesis in the adult 


The first factor to be implicated in SSC niche 
maintenance is Glial-derived neurotrophic factor 
(GDNF), a member of the TGF- superfamily that is 
secreted by Sertoli cells [46]. Mice knockouts of GDNF 
die in the neonatal period, but single GDNF-null allele 
males survive with significantly diminished sperma- 
togenesis and Sertoli-cell-only tubules increasingly 
found with advancing age [47]. In contrast, overex- 
pression of GDNF leads to spermatogonial accumu- 
lation and failure of differentiation [47]. Neonatal 
GDNF- testes transplanted into nude mice (to bypass 
the lethality of the GDNF“ phenotype) exhibit severe 
loss of SSCs with the first wave of spermatogenesis on 
day 7 [48]. GDNF acts on the SSC through both the Ret 
receptor and GDNF-family receptor a1 (GFRa1). Both 
of these molecules are surface antigens expressed by 
SSCs; antibodies to these molecules have been utilized 
in isolation protocols for SSCs, albeit with variable 
degrees of success. Thus, GDNF seems to be neces- 
sary for maintenance of the SSC cell niche, at least in 
the prepubertal period; it is not, however, sufficient by 
itself to cause this process to occur [45]. 

ERM (Ets-related molecule) is a member of the Ets 
family of transcription factors. ERM mice complete 
the first wave of spermatogenesis, but exhibit a severe 
germ cell loss thereafter, with adult testes progressively 
exhibiting a Sertoli-cell-only picture [49]. This is due 
to failure of SSCs to undergo self-renewal [49]. ERM 
expression has been localized to Sertoli cells, where 
it appears to regulate a number of secreted cytokines 
that could transmit the self-renewal signal to SSCs 
[49]. GDNF expression, however, is normal in ERM 
mice, indicating that other factors are necessary for 
maintenance of the stem cell niche in adult mice [45] . 


Meiosis 
Overview of meiosis 


Type B spermatogonia undergo mitosis to give rise 
to diploid primary spermatocytes [4]. This marks the 
end of the proliferative portion of spermatogenesis, 
which has so far taken place in the nutrient-rich basal 
compartment of the tubule. The spermatocytes then 
cross the blood-testis barrier formed by the Sertoli 
tight junctions to the adluminal compartment. It is 
there, shielded from the immune system, that the dif- 
ferentiation phase of spermatogenesis occurs [6]. 
Meiosis is the process through which diploid 
germ cells give rise to haploid progeny. Briefly 
summarized, it consists of a single round of DNA 


replication followed by two rounds of division. The 
DNA replication step results in having two chromatids 
per chromosome. This is followed by the first division 
(meiosis I or reduction division), when homolo- 
gous chromosomes are paired and held together by 
the synaptonemal complex. The DNA strands of the 
paired chromosomes (also known as bivalent) then 
undergo reciprocal recombination at crossover sites 
or chiasmata. Following that, the homologs line up 
at the equatorial plate during metaphase, and each 
homolog migrates to a separate pole during anaphase. 
This results in secondary spermatocytes containing 
a haploid number of chromosomes, with each chro- 
mosome containing two chromatids. A second divi- 
sion follows (meiosis II or equational division), which 
resembles the equational division of mitosis in that 
the two chromatids of each chromosome segregate to 
either pole. The end result is a total of four sperma- 
tids, each containing a haploid number of chromo- 
somes with a single chromatid each. 


Prophase | and homologous recombination 


Prophase isthe first stage of meiosis I and is the stage 
at which most of the events unique to meiosis (as 
opposed to mitosis) are observed. On the basis of the 
microscopic appearance of the chromosomal mater- 
ial, it is subdivided into leptonema (from greek “thin 
threads”), zygonema (“paired threads”), pachynema 
(“thick threads”), diplonema (“double threads”), and 
diakinesis (“through motion’). 

Following DNA synthesis in interphase, the chro- 
mosomes start to condense during leptonema, and can 
be seen by electron microscopy as fine threads attached 
to the nuclear membrane [4]. Each consists of two sister 
chromatids held together by a complex of cohesin pro- 
teins [50]. This association will continue until the meta- 
phase of the second division, due in part to the presence 
of meiosis-specific cohesins [51]. Pairing of homolo- 
gous chromosomes commences in the zygotene stage, 
and is mediated by the formation of the synaptonemal 
complex [52]. Pairing begins with the association of 
chromatids to specific synaptonemal complex proteins 
(SCP) that form an axial structure along the length of the 
chromosome, with loops of DNA extending out at a per- 
pendicular angle to the protein core. The importance of 
these proteins is underscored by the finding that knock- 
out of one such protein, SCP3, leads to maturation arrest 
at the level of spermatocytes in male mice [53]. 

Completion of synapsis marks the beginning of 
the pachytene stage, the longest of all prophase stages. 
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Pachytene spermatocytes are readily visible in micro- 
scopic sections, and are the largest germ cells in terms 
of size. During pachynema, the synaptonemal complex 
acts asa docking site for the assembly of proteins respon- 
sible for the process of DNA recombination at crossover 
sites known as chiasmata [54]. Recombination starts 
with double strand breaks in chromatid DNA mediated 
by Spo11, a topoisomerase first identified in yeast and 
found to be conserved across many species [55,56]. 

Spermatocytes of male Spol1 mice exhibit mas- 
sive apoptosis in prophase I, confirming the essential 
role of this protein in mammals [57]. Following double 
strand breakage, a 3’ DNA overhang is generated and 
used to invade the DNA strands of the homologous 
chromosome, where a homology search is initiated 
leading to formation of hetero-duplex DNA complexes 
[58]. Homologous recombination occurs when reso- 
lution of the four-strand complexes leads to the DNA 
strands from one chromatid continuing on achromatid 
of the homologous chromosome. A detailed descrip- 
tion of this process is beyond the scope of the present 
chapter (see also Chapter 8). Suffice it to say that many 
of the proteins involved have been identified in lower 
eukaryotes such as yeast, and some have had their role 
confirmed in mice through knockout studies [59]. The 
frequency of homologous recombination in humans 
can be estimated by counting the foci of recombina- 
tion in pachytene spermatocytes immunostained for 
MLH1, a DNA mismatch-repair protein that is part 
of the meiotic recombination apparatus [60]. In nor- 
mal males, this was found to be around 50 foci per 
cell [60,61]. Clinical studies found that the number of 
recombination sites is much lower in about 10% of men 
with nonobstructive azoospermia, and in up to 50% of 
men with maturation arrest [62]. 

Desynapsis starts in the diplotene stage, where the 
bivalents are held together only at sites of chiasmata. 
This is followed by diakinesis, during which the chro- 
mosomes condense further, and detach from the dis- 
solving nuclear membrane in preparation for their 
alignment in metaphase. 


Remainder of meiosis | 


The remainder of the first meiotic division consists of 
metaphase I, anaphase I, and telophase I. During meta- 
phase, the two chromosomes of each bivalent attach 
through their centromeres to the equatorial plane of 
the microtubule spindle. The orientation of each biva- 
lent at the equator is random and independent of other 
bivalents, leading to independent assortment of the 


chromosomes in the resulting gametes. During ana- 
phase, the two chromosomes of each pair are pulled 
toward opposite poles by shortening microtubules, 
leading to the final disappearance of recombination 
sites. This is followed by reformation of the nuclear 
membrane and disappearance of the spindle in telo- 
phase. Incomplete cytokinesis leads to the formation 
of secondary spermatocytes connected to each other 
by inter-cytoplasmic bridges. 


Meiosis Il and secondary spermatocytes 


Secondary spermatocytes contain a haploid number 
of chromosomes but with a 2n content of DNA due 
to duplication of each chromosome into two chro- 
matids during interphase. Secondary spermatocytes 
therefore undergo a single equational division to yield 
spermatids. Their size and location are intermediate 
between that of primary spermatocytes and sperma- 
tids, hinting at their transitional nature. The equa- 
tional division, dubbed meiosis II, is mechanistically 
very similar to mitosis of somatic cells: the chromo- 
somes align at the equatorial plate during metaphase, 
and then the two chromatids segregate to each pole 
during anaphase. This process occurs fairly rapidly, as 
evidenced by the sparse number of secondary sperma- 
tocytes identified in microscopic sections [14]. This 
correlates with the relative infrequency of maturation 
arrest at the secondary spermatocyte stage in men with 
nonobstructive azoospermia [63]. Reports of success- 
ful completion of the second meiotic division in sec- 
ondary spermatocytes injected into oocytes in both 
mice and humans suggest that it is preprogrammed 
once the reductional division has occurred [63-65]. 


Spermiogenesis and spermiation 

The metamorphosis of round spermatids into compact 
highly motile cells capable of traversing the reproduc- 
tive tracts of two organisms and fertilizing an oocyte 
is a remarkable phenomenon. This transformation is 
traditionally divided into the processes of spermio- 
genesis and spermiation. Spermiogenesis refers to 
the acquisition by the germ cell of several organelles 
and accessory structures such as the acrosome and 
the flagellum. Spermiation involves shedding of the 
germ cell into the tubule lumen and removal of the 
last vestiges of the cytoplasm (the cytoplasmic drop- 
let) as it transits to the rete testis and caput epididy- 
midis. Teratozoospermia, a common clinical finding 
on semen analyses, presumably is due to disturbances 
in these processes [66]. 
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Early studies have subdivided spermiogenesis into a 
series of steps based on organellar changes and nuclear 
condensation, with a different number of steps recog- 
nized in each species (14 in humans) [6,15]. However, 
it is easiest to describe the various changes to the sperm 
cell in a functional, rather than chronological, manner. 


Acrosome formation 


It has long been recognized that the acrosome arises 
from the Golgi apparatus [15, 67]. The first visible step 
(in pachytene spermatocytes) is the fusion of proacro- 
somal granules originating in the Golgi to forma single 
acrosomal vesicle [68]. In spermatids, this acrosomal 
vesicle flattens and spreads around the nuclear mem- 
brane. It enlarges by incorporating newer vesicles 
supplied by the Golgi, so that, eventually, the mature 
human acrosome covers approximately 60% of the 
nuclear membrane [4,69]. The Golgi itself, meanwhile, 
migrates towards the opposite pole, to be later removed 
with the residual body [70]. 

The contents of the acrosome have been reviewed 
elsewhere [71,72]. They consist mostly of hydrolytic 
enzymes including proteases, hydroglycolases, and 
esterases. Many, such as hyalouronidase and cathepsins, 
are found in somatic lysosomes, while some, like acrosin, 
are specific to acrosomes [68,73]. The targeting of specific 
products to the acrosome is believed to follow the same 
pathways of vesicular trafficking of somatic cells, sharing 
a close similarity with lysosomal transport [68]. 


Nuclear changes and DNA compaction 


In round spermatids, the nucleus is found in a cen- 
tral position. As spermatids elongate, it moves to an 
eccentric position and undergoes significant conden- 
sation, reaching a final size one-tenth of its starting 
volume [4,74]. At the molecular level, this is paralleled 
by changes in the compaction of chromatin and com- 
position of nucleoproteins. In round spermatids, as in 
somatic cells, nuclear DNA is arranged around nucleo- 
somes composed of an octamer of histone proteins. The 
DNA strand is wrapped around the nucleosome like a 
spool, giving the classical form of “beads on a string.” 
In contrast, mature spermatozoal DNA is arranged 
in compact toroidal loops (doughnut-shaped) with 
protamines replacing the histones as nucleoproteins. 
This transformation is responsible for the much higher 
condensation of sperm DNA and its superior resistance 
to denaturation [75,76]. In mammals, this switch goes 
through an intermediate phase where the histones are 
replaced by aptly named transition proteins, which are 
later replaced by protamines [75,77]. 


Protamines are small arginine-rich proteins. The 
level of protamines in human sperm has been clin- 
ically measured using chromomycin A, and aniline 
blue staining of smears, and this has been proposed as 
a measure of DNA sperm quality [78,79]. Humans have 
two protamine classes, denoted protamine 1 and pro- 
tamine 2, which are expressed in an approximately one- 
to-one ratio [80]. Alterations of this ratio, through the 
absence or underexpression of one of the two forms, 
have been associated with male subfertility [81-83]. 
Mouse knockouts of protamine 1 or protamine 2 are 
infertile and exhibit abnormal embryonic development 
[84]. However, men with abnormal sperm protamine 
content have successfully completed ICSI with viable 
pregnancies [81,82]. A possible explanation for this dis- 
crepancy was proposed by Aoki et al., who found a high 
degree of variability of protamine expression between 
the spermatozoa ofa single individual [81]. 

The purpose of this transition in nucleoproteins 
remains a matter of intense study. Beyond giving 
sperm a more hydrodynamic shape through higher 
compaction, protection of DNA integrity and genetic 
imprinting have also been proposed as goals of this 
transformation [85]. Another effect is the suppres- 
sion of transcription, making spermatids beyond the 
round nucleus stage increasingly dependent on stored 
mRNA and post-transcriptional regulation of gene 
expression [86]. 

Growing evidence points to DNA compaction or 
packaging as a crucial marker of intact spermatogen- 
esis. The clinical implication of DNA fragmentation 
indices (DFI) is well documented [87], and tests meas- 
uring DFI are increasingly utilized in clinical infertility 
practices. Further information on DNA fragmentation 
index and sperm chromatin structural assay (SCSA) is 
found in Chapter 40. 

As stated previously, during DNA condensation, 
nuclear DNA in round spermatids is loosely associ- 
ated with histones, similar to the association of com- 
pacted DNA in somatic cells. As the spermatid nucleus 
is remodeled, histones are replaced by transition pro- 
teins, which are then replaced with protamines, around 
which sperm DNA is now tightly wound. Poor DNA 
packaging results in loosely wound DNA that can be 
demonstrably disrupted using tests such as a comet 
assay. This poor packaging is thought to be caused by, 
amongst other etiologies, elevated levels ofreactive oxy- 
gen species and deficiencies in protamine [84,88,89]. 

Germ cell nuclear factor (GCNF), a member of the 
nuclear receptor factory, isan orphan receptor expressed 
in both Sertoli cells and germ cells. It is implicated in 
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early embryologic development and female fertility. In 
the male, GCNF mRNA is expressed preferentially dur- 
ing the spermatid stages of development, declining as 
the spermatid enters the elongate stage. Hummelke and 
Cooney demonstrated that expression of the protamine 
genes Prm1 and Prm2 is mediated by interference 
between GCNF and cAMP-responsive transcription 
factor (CREM-tau) [90-92]. This implicates GCNF 
centrally in the process of DNA condensation. 


Loss of cytoplasm 


Spermatid cytoplasm is removed as a residual body 
containing remnants of the Golgi apparatus, the 
chromatoid body, ribosomes, some mitochondria, 
and lipid droplets [93]. The residual body appears 
as a distinct bulge formed by caudal movement of 
cytoplasmic material in the spermatid [4,70]. Most 
residual bodies are phagocytosed by the Sertoli cells, 
but some are shed into the lumen of the tubule [93]. 
The residual body should not be confused with the 
cytoplasmic droplet that consists of leftover cyto- 
plasm present in mature spermatozoa. The cytoplas- 
mic droplet, in turn, is released into the lumen of the 
corpus epididymidis by the transiting spermatozoa, 
so that ejaculated spermatozoa have virtually no cyto- 
plasm left, presumably in order to maximize their 
motility [94]. 


Formation of the tail 


The early spermatid contains two centrioles arranged 
at right angles to each other. The distal longitudinal 
centriole, which orients parallel to the long axis of the 
sperm cell, gives rise to the axial filament of the flag- 
ellum, or axoneme. The axoneme consists of micro- 
tubules arranged in the classical 2 + 9 formation of 
cilia (two central microtubules, surrounded by a 
circular arrangement of nine microtubule doublets) 
[4,11,95]. The axoneme forms early in spermiogenesis, 
and can be seen as a protrusion from elongating sper- 
matids, surrounded by a rim of cytoplasm [4]. This is 
then followed by lodging of the budding axoneme at 
the caudal pole of the nuclear membrane (i.e., opposite 
the emerging acrosomal cap), leading to the forma- 
tion of the neck or connecting piece. In the meantime, 
outer dense fibers (ODF) are assembled from small 
anlagen associated with the doublets of the axoneme 
[96]. Thickening of the ODF continues throughout the 
remainder of spermiogenesis, with accretion of newly 
synthesized protein material, mainly Odfl, Odf2, 
and Spag4 (sperm-associated antigen 4) [97-99]. The 
fibrous sheath becomes visible slightly later, at the Sc 


spermatid stage [4,96]. Its assembly proceeds from 
distal to proximal, taking place through most of the 
stages of spermiogenesis [8]. Its main components are 
~80 kDa proteins known as AKAPs (cAMP-dependent 
kinase anchoring proteins) that are associated with 
sperm-specific isoforms of glycolytic enzymes [8]. 
The structure and composition of the fibrous sheath 
confirm its role in regulating flagellar motion, and its 
assembly requires both protein synthesis and protein 
degradation via the ubiquitin system [100]. Improper 
assembly of the periaxonemal components has been 
proposed as the etiology of some forms of male asthe- 
nospermia, and it is linked to abnormalities in ubiqui- 
tin-mediated degradation [95]. Associations between 
abnormalities of axonemal structure and the immo- 
tile cilia syndromes, such as Kartagener and Young 
syndromes, are well described. 


Spermiation 

Spermiation refers to the release of fully developed 
spermatids into the tubule lumen as mature sper- 
matozoa. When spermatids are first formed, they are 
surrounded by processes of the Sertoli cell without a 
specific orientation, and reside close to the lumen of 
the tubule. As they elongate, their heads orient basally 
and become deeply embedded within the Sertoli cells 
using desmosome-like cell junctions [101]. Contact is 
lost caudally first, and then progressively towards the 
head until spermatids are attached by only a small area 
of the head just before spermiation. Attachment to the 
Sertoli cells at that point is maintained by small tubu- 
lobulbar processes of the spermatid cell membrane that 
project into the Sertoli cell cytoplasm [102]. At spermia- 
tion, all these attachments are lost and the spermatid 
is released as a free spermatozoon. While many of the 
cell adhesion molecules involved in the attachment of 
spermatids to Sertoli cells have been identified [103], 
the detailed mechanism of spermiation remains under 
investigation [104]. The facts that spermiation fails as 
a result of FSH and testosterone withdrawal [105], and 
that it is sensitive to various toxins such as cadmium 
[106], indicate that it is an active and complex process. 
Thus the yet-to-be-identified “spermiation signal” or its 
downstream effector is a potential target for male con- 
traception [31]. 


Aspects of spermatogenesis regulation 
Hormonal influences 


Testosterone and FSH are the two major regulatory 
hormones of spermatogenesis. Both are necessary 
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for initiation and maintenance of spermatogenesis in 
humans at quantitative levels [107]. Testosterone alone 
is capable ofinitiating qualitative spermatogenesis only, 
as evidenced by the occurrence of some spermatogen- 
esis in a prepubertal boy with a testosterone-producing 
Leydig cell tumor and normal FSH levels [108]. 

Quantitative spermatogenesis requires high 
levels of testicular testosterone, which in humans 
are ~100-fold higher than in serum, due to the local 
production by Leydig cells [109]. Thus, exogenous 
administration of testosterone in humans leads to 
azoospermia or profound oligospermia even with nor- 
mal circulating testosterone levels [110]. Testosterone 
acts presumably via stimulation of Sertoli cells, 
as germ cells lack the androgen receptor [107]. 
Stereological studies in male hormonal contraception 
trials show that exogenous testosterone administra- 
tion in humans causes severe reduction in the number 
of B spermatogonia, followed by Ap spermatogonia 
[111]. In addition, spermiation is affected, with a 
resulting further drop in ejaculated sperm numbers. 
Meiosis and spermiogenesis, however, appear to pro- 
ceed in humans despite lack of testosterone; this is 
contrary to findings in rodents, where meiosis is con- 
sidered exquisitely sensitive to androgen effects and 
to the stage at which Sertoli cells express the highest 
numbers of androgen receptors [107]. 

A brief consideration of the regulatory mechanisms 
of spermatogenesis is necessary for completeness; for 
further information on this topic the reader is referred 
to Chapter 2 (on the hypothalamic-pituitary-gonadal 
axis) and Chapter 27 (on male contraception). This 
discussion will review endocrine, paracrine, and auto- 
crine regulatory mechanisms; this topic is covered in 
greater detail in Chapter 4. 


Endocrine regulation of spermatogenesis 


Central control of spermatogenesis is mediated by the 
gonadotropic hormones, FSH and LH; these hormones 
are secreted by the anterior pituitary. This process is 
under the control of gonadotropin-releasing hormone 
(GnRH) secreted by the hypothalamus. Downstream, 
LH is bound by receptors on the Leydig cell and causes 
the production of testosterone. FSH is bound by recep- 
tors on the Sertoli cell and acts to promote matura- 
tion of spermatogenic cells [107,108] (see Fig. 4.13 in 
Chapter 4: specific attention is paid to downstream 
interactions within the testis at the cellular level). 
Efficient spermatogenesis depends upon the intact 
nature of this entire pathway. 


Negative feedback in the HPG axis is mediated 
by inhibin and testosterone. Inhibin, a heterodimeric 
protein that belongs to the TGF- family of glyco- 
proteins, acts to decrease secretion of gonadotropins. 
Secreted by Sertoli cells in response to stimulation 
by FSH, inhibin feeds back directly on the pituitary 
to inhibit transcription of the gene encoding the B 
subunit of FSH. Meanwhile, testosterone feeds back 
directly upon both the hypothalamus and anterior 
pituitary to decreased secretion of both GnRH and LH 
together [107]. A cartoon representation of this feed- 
back loop and the genes that influence its function is 
found in Figure 4.13. 

A significant portion of our understanding of these 
molecules and their effects derives from knockout 
experiments performed in animals over the past sev- 
eral years. A brief summary of these experiments and 
their findings follows here. 


FSH-B and FSH-receptor knockout (FORKO) mice 

Initial attempts at transgenic knockout of HPG hor- 
mones targeted FSH. In 1997, Kumar etal. successfully 
knocked out the 6 subunit of FSH in mice. Males were 
smaller on average, and they had smaller testes, but 
despite decreased numbers of epididymal and testis 
sperm, these animals were fertile [112,113]. 

FSH receptor (FSHR) is a G-protein-coupled 
receptor with seven transmembrane spanning regions; 
Dierich et al. successfully generated knockout mice 
for FSHR in 1998 [114]. The phenotypic appearance 
of these animals was consistent with FSH-6 KO ani- 
mals. FORKO males were observed to enter puberty at 
a later stage than wild-type animals, and they did have 
impaired fertility. 


LH-8 knockout mice and LH receptor knockout 

mice (LHRKO) 

LH receptor knockout mice (LHRKO) were generated 
byLeietal.in 2001. Male knockout animals were infer- 
tile; in addition, males demonstrated varying degrees of 
ambiguity, with undescended testes and accessory sex 
organs. Treatment with testosterone did not completely 
reverse this phenotype and did not restore fertility. 
Females were also completely infertile [115]. 

Ma and colleagues generated knockout mice for 
LH- subunit in 2004. Males were phenotypically 
hypogonadal; both serum and intratesticular tes- 
tosterone levels were extremely low. Both male and 
female animals were completely infertile. On histo- 
logical examination of the testes, knockout animals 
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demonstrated few Leydig cells and no elongated 
spermatids. However, the ambiguous genitalia pheno- 
type observed in LHRKO animals was not present in 
LH knockout animals [116]. 


Androgen receptor knockout mice (ARKO, SCARKO) 

The above experiments clearly demonstrated the role 
of LH, LH receptor, and testosterone in the fertility 
of these animals. Confirmatory experiments using 
total knockout of androgen receptor and Sertoli-cell- 
specific knockout of androgen receptor (SCARKO) 
were undertaken by De Gendt in 2004 [117,118]. 
ARKO mice were found to have a completely ambig- 
uous phenotype; this parallels the phenotype of 
testicular feminization in the human (complete 
androgen insensitivity syndrome). These animals were 
completely infertile [119]. 

SCARKO animals instead demonstrated a normal 
male genitourinary tract and normal testicular descent. 
Testis size was small, and histological examination of 
the testis demonstrated no evidence of late spermatids; 
this was despite normal numbers of Sertoli cells and 
apparently normal numbers of early spermatogenic 
cells [119]. 


Gene expression control 


The transformation from diploid to haploid chromo- 
somal complement and the tight packaging of DNA 
during spermiogenesis pose some unique constraints 
on genetranscription in differentiating male germ cells. 
Therefore it is not surprising that germ cells possess 
several unique gene-expression control mechanisms, 
at both the transcriptional and the translational levels. 
A detailed discussion of the molecular mechanisms 
is beyond the scope of this chapter, and we will only 
briefly touch upon some of the unique gene-expression 
features of cells of the spermatogenic cycle (for excel- 
lent reviews see [120] and [121]). A representation of 
the genes expressed at each level of spermatogenesis 
appears in Figure 5.1. 


Germ-cell-specific gene isoforms 

To maintain balanced gene expression, germ cells 
must somehow “make up” for the loss of half of the 
chromosomal content during meiosis. One mecha- 
nism to accomplish this is sharing of mRNA between 
sibling cells through intercellular bridges that per- 
sist due to incomplete cytokinesis after division. 
Another mechanism is activation of testis-specific 
isoforms [120]. This is particularly true of X-linked 
genes because the sex-chromosomes - unlike the 
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Fig.5.1. Genes crucially involved in spermatogenesis, organized 
by function and location. (From Matzuk MM, Lamb DJ. Genetic dis- 
section of mammalian fertility pathways. Nat Cell Biol 2002; 4: s41-9. 
With permission from Macmillan Publishers Ltd. Copyright 2002.) 


autosomes - are completely transcriptionally silent 
during the long pachytene phase, when they are hetero- 
chromatized as the XY body [122,123]. The X chromo- 
somein mammals carries many highly conserved genes 
(such as enzymes of the glycolytic pathways [124,125]), 
which were found to be duplicated onto autosomes as 
retrogenes, and whose expression is restricted to testis 
[126]. 


Germ-cell-specific promoter function 

The gene promoters of germ-cell-specific genes are 
generally shorter and more guanine-cytosine-rich than 
somatic promoters [120]. In addition, several of the tran- 
scription factors involved in RNA-polymerase II bind- 
ing and transcription initiation have germ-cell-specific 
isoforms. For example, TLF (TBP-like factor) is a highly 
conserved protein that shares homology with TATA- 
binding protein (TBP). While presentin all tissues, TLF is 
significantly overexpressed in germ cells through a sepa- 
ratetestis-specificpromoter [127]. MaleTLF mice were 
viable but completely sterile due to apoptosis of round 


fa 


| 


Chapter 5: Spermatogenesis in the adult 


spermatids [128]. These variants of core-transcription 
machinery give germ cells a mechanism for directing 
specific gene expression. Of course, more conventional 
signaling pathways are also operational in germ cells. 
The best characterized system is arguably the CREM 
(cAMP response element modulator) pathway. FSH 
binding to its receptor activates adenylate cyclase, and 
the resultant rise in cAMP triggers binding of CREM 
to ACT (activator of CREM). The complex then acts as a 
molecular master-switch for a number of genes involved 
in spermatogenesis [129,130]. This important role has 
been confirmed in CREM knockout mice, which exhibit 
deficient spermiogenesis, with severe restriction of post- 
meiotic gene expression [131]. 


Chromatoid body 

Another fascinating element in spermatogenic gene 
regulation is the chromatoid body (CB). This struc- 
ture, identified over 100 years ago, consists of cloudy 
electron-dense material that first appears in pach- 
ytene spermatocytes, and moves around the cyto- 
plasm in a nonrandom fashion, associating at times 
with the Golgi complex, the nuclear membrane, and 
mitochondria [86,132,133]. The CB has been found to 
be devoid of DNA, instead consisting mostly of RNA 
and associated proteins [134]. Recently, these have 
been found to include the ribonuclease dicer, which 
cleaves double-stranded RNA to produce small inter- 
fering RNAs (siRNA) that promote the degradation of 
complementary mRNA in the RNA silencing pathway 
[135,136]. Thus the chromatoid body appears to func- 
tion in the storage and processing of RNA [133]. Its 
prominence in germ cells points to the significance of 
the post-transcriptional control mechanisms of gene 
expression in spermatogenesis. 


Conclusions 


Spermatogenesis is one of the most fascinating bio- 
logical processes observed in the animal kingdom. 
Billions of sperm are produced over the lifetime of one 
animal. A majority of them are made with an extraor- 
dinarily high degree of fidelity. Reproduction depends 
upon this process. 

At the same time, spermatogenesis exists only in a 
terribly fragile balance, easily deranged by changes in 
hormonal milieu, genetic errors, or physiologic insults. 
Further investigation of spermatogenesis can help us 
to understand how we might prevent this derangement 
to the benefit of our patients. In addition, a thorough 
understanding of this process may lead us to discoveries 


such as a male contraceptive pill - a drug that would 
prove itself a real boon to world and public health. 

This investigation, which began with the light- 
microscope experiments of van Leeuwenhoek, and 
continues today with successful experiments describ- 
ing the isolation and transplantation of spermatogon- 
ial stem cells, must be grown even further. This research 
presents us the opportunity to identify new treatments 
for patients with infertility and to gain a better under- 
standing of hormonal control of spermatogenesis. 
Spermatogenesis itself is a fertile ground for further- 
ing our understanding of stem cell biology. Meaningful 
research in spermatogenesis must continue. 
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Urogenital embryology 


The urogenital tract of males and females is identical 
prior to the seventh week of human development [1]. 
Before the seventh week, genetic males and females 
have both Miillerian and Wolffian duct systems, but 
at the end of this indifferent phase of sexual differenti- 
ation, the dual duct systems form the primordia of the 
internal, accessory organs of reproduction (Fig. 6.1). 
Two secretory substances of the testes, anti-Miillerian 
hormone (AMH), also called Miillerian-inhibiting 
substance (MIS), and testosterone, induce mascu- 
line extragonadal differentiation. Genetic males and 
females are both responsive to the masculinizing effects 
of the testis; thus, in some circumstances, the karyotype 
of extragonadal cells may not be consistent with the dif- 
ferentiation of the internal reproductive structures. 

If the fetus is a genetic male, the Sry gene on the 
Y chromosome encodes the testis-determining factor 
(TDF), and in the seventh week of gestation primitive 
sex cords penetrate the formerly indifferent gonad. 
Clearly, other gene expressions are required for tes- 
tis development, among whose products are SOX-9, 
DAX-1, GATA-4, and DHH [2]. Some of these genes 
may be direct targets of TDE The sex cords become the 
seminiferous tubules containing primitive germ cells 
and Sertoli cells, and the initial endocrine function of 
those Sertoli cells is the secretion of AMH, a 70 kDa 
glycoprotein that causes regression of the Miillerian 
ducts [3]. Although AMH has been purified and much 
is known about the structure of the protein and the 
genes that encode the protein, the mechanism of its 
action remains incompletely understood [4]. 

In thepresence ofanormal testis producing AMH, 
the Miillerian system regresses. Development of the 
Miillerian system does not require secretions from 
the fetal ovaries since the female phenotype occurs 
in the absence of the gonads. Miillerian regression 


The epididymis and accessory 


is followed by transformation of the Wolffian ducts 
into the male excurrent duct system (Fig. 6.1). The 
upper segment becomes the epididymis; the middle 
portion, the vas deferens; and the terminal area, the 
ejaculatory duct and seminal vesicles. This differenti- 
ation of the Wolffian duct is completed in humans by 
day 84 of gestation [5]. 

The intimately associated urinary and reproduct- 
ive tracts both develop from the mesodermal ridge, 
a mass of intermediate mesoderm along the poster- 
ior wall of the abdominal cavity. The nephrogenic 
cords and the urogenital ridges appear by 25 days in the 
human embryo, long before the primordial germ cells 
begin their migration from the yolk sac. During subse- 
quent development of the kidneys a series of intermedi- 
ate renal structures appears, which are the pronephros, 
mesonephros, and metanephros. The pronephros is 
nonfunctioning and is replaced by the mesonephros by 
the fifth week of life. In some species, possibly includ- 
ing the human, the mesonephros becomes a transiently 
functioning primitive kidney, but the permanent kid- 
ney arises later from the metanephros, which is also 
beginning to appear in the fifth week. Over the next few 
weeks the mesonephros degenerates as the metaneph- 
ros develops, but in the male embryo the distal regions 
of the mesonephros persist to become the excurrent 
ducts of the male reproductive tract [3]. 

The mesonephric duct becomes the epididymis 
and vas deferens, and the residual mesonephric 
tubules form the efferent ducts. The efferent ducts 
unite with the rete testis, thus making the connection 
between the separately developing testis and the excur- 
rent duct system. Mesonephric tubules failing to con- 
nect with the rete testis typically atrophy, but a few may 
persist as paraepididymides or appendices of the epidi- 
dymis. Gene expressions necessary for epididymal 
development at these early stages include members 
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Fig. 6.1. Differentiation of female and male internal genitalia from 
the indifferent stage. (From Wilson JD etal. The hormonal control of 
sexual development. Science 1981; 211: 1278-80. Copyright 1981 by 
American Association for the Advancement of Science. Used with 
permission.) 


of the Wnt family, e.g., Wnt4, Wnt7a, a number of 
homeobox genes, e.g., Hoxa10, Hoxa11, Hoxd13, and 
so-called paired-box genes, e.g., Pax2 and Pax8 [2]. 
Since the adult efferent ducts and epididymis share a 
common origin with the primitive kidney, it is not sur- 
prising that congenital absence of the vas deferens or 
epididymis is occasionally associated with concurrent, 
ipsilateral renal agenesis [6]. 

Any genetic defect that inhibits testosterone 
biosynthesis can result in abnormal development 
of the epididymis, although very early development 
of the accessory sex organs may well be independ- 
ent of the hypothalamic-pituitary-gonadal axis. It 
seems that testosterone-androgen receptor complexes 
clearly mediate later fetal Wolffian duct virilization and 
5a-dihydrotestosterone (DHT)-androgen receptor 
complexes mediate differentiation of the male exter- 
nal genitalia [5]. This could explain why patients with 
5a-reductase deficiency and the inability to convert 
testosterone to DHT have normally virilized internal 
genitalia (epididymis, vas deferens, prostate, semi- 
nal vesicle, and ejaculatory duct), but predominately 
female external genitalia. On the other hand, patients 
with a disorder of the androgen receptors, such as those 


with testicular feminization, fail to develop Wolffian 
structures and appear as phenotypic females [7]. 

Additionally, Cunha et al. have established the sig- 
nificance of epithelial-mesenchymal interactions in 
the prenatal development of urogenital sinus (pros- 
tate) and Wolffian duct (epididymis, vas deferens, 
seminal vesicles) structures [8]. The mesenchyme of 
these tissues also likely plays an important role in post- 
natal development and maintenance of adult acces- 
sory sex organs. The adult structure and function of 
these organs will be discussed below with a primary 
emphasis on the epididymis, since its contribution 
to the ejaculate is required for natural-mating fertil- 
ity. That does not appear to be the case with the other 
organs, individually. 


The epididymis 

Direct studies of the human epididymis are uncom- 
mon. Nonpathological specimens of men within their 
reproductive years are understandably difficult to 
obtain, and even when such epididymides are made 
available, they often lack the proper preservation for 
good biological studies; nevertheless, some attributes 
of the tissue can be evaluated directly. 

As the human epididymis appears upon surgi- 
cal exposure, the distal portion disappears into the 
epididymal fat (Fig. 6.2a). This makes it appear that the 
epididymis has almost no cauda. In fact, the human 
epididymis is 10-12 cm long before becoming the con- 
voluted vas (Fig. 6.2b), and the coiled, convoluted vas 
extends for another 7-8 cm (these estimates refer to 
the length of the epididymal organ, not to the length of 
the uncoiled epididymal tubule). So, while it does not 
appear that the human epididymis has a bulbous cauda 
for sperm storage, as occursin mostnonprimate species 
[9], the “tail” of the human epididymis contains at least 
50% of the sperm present in the epididymis [10,11], a 
percentage similar to that in other species with bul- 
bous caudae [12]. Since the demarcation of the tail or 
the cauda of the epididymis has been unclear in most 
human studies, it seems likely that much of this sperm 
storage capacity is in what some would call the proxi- 
mal convoluted vas (Fig. 6.2). It seems, then, that the 
bulbous cauda seen in most species is simply extended 
into what is called the proximal convoluted vas in the 
human, and the high proportion of epididymal sperm 
stored in the distal tubule implies that a relatively large, 
functional cauda still exists in the human. 

Histology of the epididymis reflects the fact that 
the bulk of the caput epididymidis consists of efferent 
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duct tubules and the cauda is the site of sperm storage 
(Fig. 6.3). Of the six types of efferent duct epithelium 
[13], Figure 6.3 illustrates only one (type 2), with the 
tissues taken from the regions illustrated by the arrows. 
By the midcorpus, the epithelium has taken on the 
appearance of a tall, relatively uniform, stereociliated, 
columnar epithelium, and in the cauda, the epithelium 
surrounding the enlarged tubule lumen, has become 
very short, allowing room for maximum sperm storage 
and reflecting the lower metabolic activity of this epi- 
thelium relative to that of the more proximal duct. 

Anatomy texts typically report the uncoiled epidi- 
dymal tubule to be 6-7 m long, though the origin of 
this estimate is uncertain. Epididymal transit time for 
human sperm has been estimated to require 2-6 days 
[10,11], in contrast to transit times estimated for most 
other species, which are consistently greater than 10 days 
regardless of the presumed or measured length of the 
epididymal tubule [14]. In the rat, for example, epididy- 
mal transit time has been estimated to be approximately 
13 days in a tubule measuring 3.2 m from initial seg- 
ment through cauda [15]. An important consequence 
of rapid epididymal transit in the human is that sperm 
maturation in the caput and corpus epididymidis 
must happen very quickly relative to other species. 
This, in turn, may be related to results from clinical cases 
in which at least some sperm experiencing very little 
epididymal transit are said to be fertile. 

The epididymis contributes to a fertile ejaculate 
through four classical functions: sperm maturation, 
sperm transport, sperm concentration, and sperm 
storage. Each of these is considered below. 


Fig.6.2. The human testis and epididy- 
mis. (A) The testis and epididymis as taken 
from the scrotum; the distal part of the 
organ disappears into the epididymal fat 
pad (arrows). (B) The testis and epididymis 
after dissection, illustrating the absence 
of enlarged cauda epididymidis but 

an extensive convoluted vas deferens 
(arrows). 


Sperm maturation 

Silber reported two cases in which human males 
with patent efferent duct-vas deferens anastomoses 
(efferentiovasostomy) achieved natural-mating preg- 
nancies with their partners [16]. He subsequently 
reported that 16 of 37 patients (43%) with patent caput 
vasoepididymostomies were eventually able to achieve 
a pregnancy with their partners using natural meth- 
ods [17]. Schoysman and Bedford had also previously 
reported pregnancies after caput vasoepididymosto- 
mies [18]. The implication of these reports was that 
functional maturity of at least some human sperm has 
been gained with either no or relatively little epididy- 
mal transit. These reports raised the issue of whether or 
not the human epididymis is truly necessary for human 
sperm maturation. 

It is well established that mammalian sperm, in 
general, mature in the epididymis, and the changes 
that occur in sperm during maturation have been 
recently reviewed [19]. Gene and protein expres- 
sions vary along the duct [20,21], leading to a chan- 
ging intraluminal microenvironment for the maturing 
spermatozoa [22,23]. This sperm maturation process 
can be compared across species if sperm develop- 
ment characteristics are scaled on a common model as 
in Figure 6.4. This illustration scales data from mice, 
boars, and humans along an abscissa reflecting a com- 
mon proportionate length of tubule in the initial seg- 
ment, caput, corpus, and cauda epididymidis. The scale 
used in this model is that of the rat, the only species in 
which segment lengths have been reported [15]. 
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Fig.6.3. The histology of the adult human epididymis. Much of the caput epididymidis is actually efferent duct tubule, of which there are 
several leading to the single true epididymal tubule. Based on histological appearance, there are six types of ciliated efferent duct tubule [13], 
of which only type 2 is illustrated. In the midcorpus region there is a single, highly coiled epididymal tubule with a tall, columnar, stereocili- 
ated epithelium. Sperm concentration is increasing in the epididymal lumen. In the cauda epididymidis, a short, stereociliated epithelium 
surrounds the large tubule lumen full of densely packed spermatozoa. See color plate section. 


Different measurements of sperm maturation 
are illustrated in Figure 6.4 (e.g., percent progres- 
sive motility, percent ova fertilized with intrauterine 
insemination, percent ova fertilized with in-vitro fer- 
tilization (IVF), and percent ova-binding spermato- 
zoa after subzonal injection). The overall data reflect 
the obvious trends that sperm motility and fertiliz- 
ing potential increase dramatically from caput to 
cauda epididymidis. In the mouse and boar, as well 
as other species, the most striking increases in matur- 
ation occur between distal caput epididymidis and the 
proximal cauda. Thus, sperm maturation is essentially 
complete when sperm arrive in the proximal cauda 
epididymidis. In the human epididymis, the increasing 
sperm maturation parameters between proximal and 
distal epididymis appear to be less dramatic than in 
the other species (Fig. 6.4), but the function of mature 
human sperm in these epididymides could be limited 
by natural consequences; i.e., unobstructed human 
epididymides are typically acquired from patients well 


beyond their reproductive years, and the function of 
even normally ejaculated cells could be compromised 
in those patients. 

It is important to note that the data in Figure 6.4 are 
all from sperm obtained from unobstructed epididy- 
mides, and regardless of the species studied, sperm 
from the caput epididymidis are essentially immotile 
and infertile. They gain the capacity for motility and 
fertility during epididymal transit [24]. 

Schoysman and Bedford [18] first reported that 
fertile ejaculates could occur in the human, even 
though the ejaculated sperm had bypassed most of the 
epididymis. Silber subsequently reported pregnan- 
cies following bilateral caput vasoepididymostomies 
and even bilateral efferentiovasostomies [16,17], 
and in more recent years others have reported 
pregnancies following caput vasoepididymostomies 
and natural mating (as opposed to additional assist- 
ance from advanced reproductive technologies, 
such as IVF and intracytoplasmic sperm injection 
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Fig.6.4. Evidence of sperm maturation in the epididymides of 
mouse, boar, and human. The data extracted are percent progres- 
sive motility, percent ova fertilized after intrauterine insemination, 
percent ova binding spermatozoa after subzonal injection, or 
percent zona-free hamster (ZFH) ova binding human sperm after 
in vitro insemination. l.S. initial segment; P, proximal; D, distal; CPT, 
caput; CRP, corpus; CDA, cauda. The references noted by numbers 
in each panel are as follows: Mouse: (1) Lacham O, Trounson A. Mol 
Reprod Dev 1991; 29: 85; (2) Pavlok A. J Reprod Fertil 1974; 35: 303. 
Boar: (1) Hunter AG, etal. J Reprod Fertil 1976; 46: 463; (2) Dacheux 
JL, Paquignon M. Reprod Nutr Dev 1980; 20: 1085. Human: (1) 
Hinrichsen MJ, Blaquier JA. J Reprod Fertil 1980; 60: 291; (2) Moore 
HDM, et al. Int J Androl 1983; 6: 310; (3) Turner TT. Unpublished data 
from micropuncture of epididymides from men > 50 years of age 
immediately after orchiectomy for prostatic cancer, 1993. 


[ICSI], which make fewer demands for sperm 
maturation). 

The consensus is that after vasoepididymostomy, 
the chances for development of a fertile ejaculate 


increases with the length of the epididymis the sperm 
were able to transit [16,17,25,26]. The only paradox is 
that 20-40% of patients whose sperm are exposed to 
only the initial part of the caput eventually become 
fertile, even if the time to pregnancy exceeds the con- 
ventional one year of most fertility trials. Silber, for 
example, noted that some ofhis fertile patients required 
up to four years of attempting pregnancy before success 
was achieved [17]. That caveat aside, reports do indi- 
cate that a significant minority of patients with severely 
abbreviated epididymides can eventually acquire a fer- 
tile ejaculate even if, overall, the motility and fertility of 
those sperm remain quite low. 

Since some sperm that have been exposed to only 
a short portion of the epididymis can fertilize an egg 
in vivo, it is not surprising that sperm in epididymal 
aspirates from the obstructed proximal epididymis can 
fertilize an egg in vitro. It is now well established that 
the proximal regions of an obstructed epididymis 
can yield sperm with a relatively high fertility poten- 
tial when used with ICSI or even conventional IVE. In 
fact, due to the increasing experience with pairing sur- 
gical aspiration techniques with ICSI, current inquiries 
are no longer about the in-vitro fertility of sperm from 
the different regions of the epididymis, but about the 
in-vitro fertility of sperm collected directly from the 
testis [27]. 

The use of aspirated sperm in ICSI bypasses the 
requirement that sperm be motile and be able to 
acrosome react, penetrate the zona, bind to the egg 
plasma membrane, fuse with the membrane, and 
complete fertilization on their own. Even in IVF, 
there is no requirement for survival in seminal plasma, 
then in cervical mucus, in the uterine environment, 
and finally in the oviductal fluids. Neither is there a 
need for the kind of motility capable of propelling the 
sperm through the cervical mucus into the uterus and 
through the uterotubal junction where it must still pro- 
pelitself into the oviduct en route to the site of fertiliza- 
tion; thus, in either ICSI or IVF it is not surprising that 
the epididymis can be bypassed either in part (IVF) or 
in toto (ICSI). It is surprising, however, that sperm- 
atozoa can acquire the necessary characteristics for 
fertilization in vivo without having to pass through a 
substantial length of epididymal tubule. At first glance, 
this would not be expected, and it is reasonable to ques- 
tion how such a thing can occur. 

Caput vasoepididymostomy and efferentiovaso- 
stomy allow for either brief or no exposure of sperm 
to the epididymal microenvironment. In both cases, 


Chapter 6: The epididymis and accessory sex organs 


however, sperm cells are exposed to the vas deferens 
microenvironment. One possible explanation for 
sperm maturation in these situations is that long-term 
obstruction causes remodeling of the caput or effer- 
ent duct epithelium, and the changes there make the 
proximal microenvironment more conducive to sperm 
maturation. A positive indication of this is that changes 
in caput protein secretion induced by vasectomy have 
been shown not to return to normal after vasovaso- 
stomy in the rat model [28]. A second possibility is 
that the microenvironment of the vas deferens may be 
more suitable for sperm maturation than is commonly 
appreciated. 

In the rare reported cases of natural-mating fertil- 
ity after efferentiovasostomy, sperm have been exposed 
to no epididymal microenvironment at all and have 
only the vas exposure to assist in maturation. While 
this would seem to make a fertile ejaculate even more 
improbable, there is an explanation of how even this 
could occur. Sperm cell maturation presumably fol- 
lows a Gaussian distribution; i.e., a few cells will 
mature much more easily than the average and a few 
cells will mature much less easily than the average. 
A small minority of sperm cells, those tending toward 
very early maturation, may find sufficient stimulation 
in the microenvironment of the efferent ducts and vas 
deferens to reach functional maturity. This could lead 
to an occasional, perhaps even rare, fertile ejaculate. 
In the case of Silber’s two patients with efferentiovaso- 
stomy [29], for example, it took longer than a year for a 
pregnancy to be achieved, but it may be fair to assume 
that the vigor of the attempt was substantial. The fertile 
sperm might have been rare, indeed. 

The situation with sperm aspiration is different 
than with proximal tubule reconstruction. Sperm from 
caput epididymidal or even testicular aspirations are 
exposed to little or no epididymal secretion and to no 
vas deferens secretion. These sperm cells have consid- 
erable fertility potential in the assisted reproductive 
technology (ART) setting, because the requirements 
put upon them are quite different than in the cases of 
vasoepididymostomy and natural mating. As already 
mentioned, aspirated sperm used in ART procedures 
are not required to possess all the motility and survival 
capacities of sperm cells attempting natural fertiliza- 
tion. For such sperm there is no exposure to seminal 
plasma, no deposition in the vagina, no movement 
required through the viscous cervical fluids, and no 
exposure to potentially damaging uterine or oviductal 
environments. With these impediments removed, 


sperm with an even less complete maturation than 
those found in an ejaculate after caput vasoepididy- 
mostomy might reasonably be expected to fertilize an 
ovum in vitro. 

There is also the apparent paradox that sperm 
aspirated more proximally in the obstructed epidi- 
dymis appear to have greater motility and fertility than 
do sperm collected more distally [29-31], which seems 
counter to the idea that the greater the length of tubule 
traversed, the greater the fertility potential the sperm 
should have. In fact, this paradox arises only because 
the more distally one moves along the patent tubule, 
the closer one becomes to the obstruction site. The 
“sperm pack” at the obstruction site is also the site of 
sperm degeneration and the filling of the lumen with 
cell debris. Moving upstream from the obstruction 
site, i.e., toward the more proximal caput and the effer- 
ent ducts, allows the operator to access tubules with a 
higher proportion of intact, grossly normal cells. This 
helps explain the improved motility and fertility char- 
acteristics found in cells collected more proximally 
than distally when approaching the site of obstruction. 
It remains true that the longer the unobstructed por- 
tion of epididymis above the obstruction, the better 
the chance of achieving fertility with sperm aspiration 
[30,31], even if the sperm aspiration is performed at a 
site relatively proximal to the site of obstruction. 

It is also the case that some degree of sperm mix- 
ing between proximal and distal sites can occur, espe- 
cially in the obstructed epididymis. Sperm movement 
through the epididymis is positive and pendular; that 
is, the fluid moves back and forth in the tubule even 
as it makes net progress down the tubule [15]. This 
back and forth movement of lumen content establishes 
a potential for sperm mixing as the cells make their 
way down the epididymal tubule, and it has been our 
general observation in acute, in-vivo experiments in 
laboratory animals that the vigor of the back and forth 
surges tends to increase with epididymal obstruction. 
In the case of chronically obstructed human epidi- 
dymides, it seems likely that this type of movement of 
luminal content over several days could result in the 
eventual mixing of sperm froma more distal part of the 
patent duct with sperm from a more proximal portion; 
thus, sperm which have been exposed to the secre- 
tion of some more distal parts of the obstructed tubule 
could be found in the more proximal region, where 
sperm aspiration might occur. Such a phenomenon 
would explain why greater epididymal length is associ- 
ated with increased likelihood of sperm fertility, even 
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though sperm aspiration occurs much more proxi- 
mally than the actual end of the patent tubule. 

Sperm maturation occurs as sperm are exposed to 
the specialized intraluminal microenvironment within 
the epididymal lumen. This microenvironment is 
made up of the secretory products of the seminiferous 
and epididymal epithelia, and the list of proteins and 
small organic molecules secreted into the epididymis is 
long [14,20,23]. Multiple reports have demonstrated 
that epididymal proteins are acquired by epididymal 
sperm cell membranes and that they affect such char- 
acteristics as sperm-zona binding, sperm binding to 
the egg membrane, membrane fusion, and fertility 
[32,33]. Because of this protein-sperm interaction, a 
number of laboratories are currently investigating the 
molecular regulation of epithelial gene expression and 
protein synthesis and secretion in hopes of identify- 
ing the specific mechanisms underlying sperm matu- 
ration. Such mechanisms can potentially be useful in 
further understanding of male infertility as well as in 
male contraceptive development. 
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For example, microarray analysis ofall 10 segments 
of the mouse epididymis has revealed the gene expres- 
sion patterns of over 30 000 gene transcripts [34]. Many 
ofthese gene expressions are highly regulated along the 
length of the epididymis (Fig. 6.5). Electronic data min- 
ing of human genome datasets can find homologous 
genes expressed in the human epididymis and deter- 
mine which expressions in the human are unique to the 
epididymis. Further studies of the products (proteins) 
of these highly selected, epididymal-specific genes can 
detect which may be subject to interference by specific- 
ally designed drugs, thus making them potentially use- 
ful in male contraceptive strategies [35,36]. 


Sperm transport 


The propelling forces for sperm transport through 
the epididymis are (1) hydrostatic pressure from fluid 
secretion in the testis, and (2) peristaltic contractions 
of the tubule [15]. There has been little development in 
this area in recent years, but empirical observation dur- 
ing in-vivo micropuncture experiments indicates that 


Neon Fig.6.5. Illustration of the segmen sof 
ie ar rd the mouse epididymis and gene expres- 
2 e 2 £ o sion patterns in each segment. Left: sche- 
D000 2 matic of segmentation; segments consist 
© GO O à 

(0p) a Z of lobules of coiled tubule separated by 


connective tissue septa. Right: heat map 
of the 1100 most highly regulated genes 

in the different epididymal segments as 
determined by microarray analysis of gene 
expression in each segment [34]. Colors 
indicate relative expression level: red, high; 
white, moderate; blue, low. Results from 
multiple microarray analyses (3-6) of each 
segment are displayed. These results indi- 
cate that individual segments or groups 

of contiguous segments can be unique 

in their gene expression profiles, which 
implies a functional difference between 
those segments. See color plate section. 
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the contractile activity, and the subsequent back and 
forth agitation of the luminal contents, increases with 
increasing intraluminal pressure. How such neuro- 
genic activity is stimulated, and the role of intraluminal 
pressure in the regulation of normal intraluminal fluid 
movement, remains unknown. 

Net fluid transport rates are rapid in the proximal 
epididymis, where fluid is nonviscous and water is being 
rapidly absorbed from the lumen, but transport rates 
slow considerably in the distal tubule, where the lumen 
content can be quite viscous and little water absorption 
is occurring. As stated previously, the time required for 
sperm to transit the epididymis has been assessed in a 
variety of ways and is notable for its relative consist- 
ency between species (10-13 days) except for humans 
(2-6 days) [14]. The amount of time the human sperm 
spends in the proximal epididymis is consequently 
relatively short, and this may relate to the relative rap- 
idity with which human sperm are matured. 

Regulation of fluid movement along the epididy- 
mal lumen might be more important than generally 
recognized, since the concentration of secreted or 
absorbed molecules present in luminal fluid at any 
point along a duct is a function of proluminal and 
antiluminal epithelial transport activities and the 
time the intraluminal fluid is exposed to the duc- 
tal epithelium. In the case of the epididymal lumen 
fluid, the concentrations of ions, organic molecules, or 
specific proteins are likely important for sperm mat- 
uration or for later, downstream activities of the epi- 
didymal epithelium. For example, the relatively high 
sodium ion and chloride ion concentrations in the 
efferent ducts and proximal epididymis allow for anti- 
luminal sodium ion and chloride ion pumping, which 
leads to vigorous reabsorption of water from the lumen 
[23,37] and subsequent concentration of spermatozoa. 
Radically altered rates of movement of luminal content 
down the epididymal tubule could alter the amount of 
fluid reabsorbed at any one point, and this could affect 
the final concentration of sperm awaiting ejaculation. 


Sperm concentration 

The sperm-concentrating ability of the epididymis 
has been established for many years [38,39], and this 
concentrating effect is due to fluid reabsorption sub- 
sequent to antiluminal electrolyte transport [37,40]. 
In rats and mice, 90-95% of fluid leaving the rete testis 
has been reabsorbed by the time the remaining fluid 
reaches the caput epididymidis (Fig. 6.6). Previous 
investigators have suggested that catecholamines [41], 
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Fig.6.6. Intraluminal sperm concentrations in the rat epididymis 
and the percentage of fluid coming over from the rete testis that 
has been reabsorbed by the time the sperm cells reach the proximal 
caput or distal cauda epididymidis. The references referred to by 
numbers are: (1) Turner TT, Cesarini DM. J Androl 1983; 3: 197 [42]; (2) 
Turner TT. Ann NY Acad Sci 1991; 637: 364 [22]. 


aldosterone [42,43], and the renin—angiotensin system 
[44] play a regulatory role in this fluid reabsorption, 
making the mechanism of lumen volume regulation 
in vivo very complex. Ion transport channels such as 
the cystic fibrosis transmembrane conductance regu- 
lator (a cAMP-activated chloride channel) and antilu- 
minal sodium transporters cause osmotic shifts that 
draw water through aquaporin channels in the cell 
membranes [45]. The regulators mentioned previously 
can influence these transporters and either stimulate 
or repress the regulation of net water movement out of 
the epididymal lumen. 

Understanding the regulation of water reabsorp- 
tion, and thus the regulation of sperm concentration, 
in the epididymal lumen could be important to a more 
general understanding of how intraluminal molecules, 
especially those other than androgens, play a role in the 
regulation of the epididymis. 


Sperm storage 


Approximately 55-65% of total epididymal sperm are 
stored in the human cauda epididymidis [46]. While 
spermcan pass through this portion ofthetubule within 
3-13 days, depending on species [14], fertile sperm can 
be stored for longer periods [47]. Little is understood 
about the characteristics of the luminal environment 
that are pertinent to sperm storage because this aspect 
of epididymal function, including the cell and tissue 
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Fig.6.7. Schematic illustration of the male reproductive tract depicting the major structures and accessory sex glands. (From Dym M. The 
male reproductive system. In: Weiss L, Greep RO, eds. Histology. New York, NY: McGraw-Hill, 1977: 980. Used with permission.) 


biology of the cauda epididymal epithelium, has been 
largely ignored. Specific proteins secreted into the 
lumen by the more proximal epithelium, as well as 
intraluminal ionic concentrations and osmolality, 
have been shown to play a role in maintaining sperm 
in a quiescent state in the cauda of several species 
[48], and, doubtless, providing protection against 
xenobiotics and oxidative stress is also important to 
the storage of viable sperm [14,49]. 

Caudal sperm in aged men exhibit significantly less 
progressive motility than do cells from their corpus 
epididymidis [50]. This may seem to stand convention 
on its ear, but it was speculated to be due to the fact that 
the epididymides studied were obtained from sexually 
inactive, older men with extended periods of sperm 
storage. This explanation makes intuitive sense, but the 
observation illustrates the necessity for developing new 
information on the biology of the cauda epididymidis 
and its role in maintaining fertile spermatozoa. 

In conclusion, it is clear that the epididymis makes 
a significant contribution to the development of a fer- 
tile ejaculate. Most investigations of the last quarter- 


century have focused on the role of the epididymis in 
sperm maturation, and have provided information 
on various aspects of epididymal sperm biology, on 
the characteristics of the luminal microenvironment, 
and on the cell and molecular biology of the epididy- 
mal epithelium. These studies have largely focused on 
the mechanisms supporting sperm maturation, with 
much less investment in understanding the other epi- 
didymal functions of sperm transport, sperm concen- 
tration, and sperm storage. 


The prostate 


The prostate develops embryologically from the 
genitourinary sinus [51,52] during the third month 
of fetal life, and develops postnatally under the 
influence of testosterone, dihydrotestosterone, and 
a variety of growth factors in a complex cross-talk 
between mesenchymal cells and the prostatic epithe- 
lium [53]. In the adult human the prostate is made up 
of 30-50 tubuloalveolar glands all opening to the pros- 
tatic urethra [52,54]. The gland is inferior to the blad- 
der and surrounds the proximal portion of the urethra 
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Fig.6.8. Schematic illustration of a transverse section of the 
prostate identifying the anterior, lateral, and posterior “lobes” of the 
prostate. (From Kovi J. Surgical Pathology of the Prostate and Seminal 
Vesicles. Boca Raton, FL: CRC Press, 1989: 5. Used with permission.) 


where it emerges from the bladder (Fig. 6.7). The pros- 
tate averages 3.4 cm in length, 4.4 cm in width, and 2.6 
cm in depth [54,55], and is often described as approxi- 
mately the size of a walnut. The glands of the prostate 
are made up of a tall columnar epithelium embedded 
ina fibromuscular stroma. 

The urethra and ejaculatory ducts divide the pros- 
tate into ventral, dorsal, and median portions, giving 
rise to an old nomenclature referring to anterior, pos- 
terior, lateral, and median lobes (Fig. 6.8), with the 
anterior and posterior lobes being thought of as largely 
fibromuscular and glandular, respectively [52,54,55]. 
Also, the urethra undergoes a 35° angulation approxi- 
mately midway between the apex of the gland and its 
base (Figs. 6.8, 6.9). This point of angulation divides 
the urethra into the proximal and distal segments, and 
the opening of the ejaculatory ducts at the verumonta- 
num are within the distal segment. With the ejacula- 
tory ducts and the urethra as geographical borders, 
the glandular prostate can actually be divided into 
three major zones: the peripheral zone, the central 
zone, and the transition zone (Fig. 6.9) [52,54]. 

The peripheral zone comprises about 70% of the 
glandular prostate, and the ducts of the glands enter the 
urethra along its distal portion (Fig. 6.9) [52]. Prostatic 
cancer most commonly arises in the peripheral zone. 
The central zone accounts for approximately 20% of 
the glandular prostate, and the ducts of this region run 
with the ejaculatory ducts toward the urethra (Fig. 6.9). 
The transition zone makes up approximately 4-5% of 
the prostatic tissue, and consists of two small lobules of 
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Fig. 6.9. Illustration of the zones of the prostate as suggested by 
McNeal [54,55]. The peripheral zone is the site of origin for most 
prostatic cancers, and the transition zone is the site of origin of 
benign prostatic hypertrophy. (From Lepor H, Lawson RK. Prostatic 
Diseases. Philadelphia, PA: Saunders, 1993: 19. Used with permission.) 


glandular prostate lateral to a collar of smooth muscle 
which envelopes the posterior aspect of the proximal 
urethra. The transition zone is the site of origin of 
benign prostatic hypertrophy. The periurethral gland 
zone (not illustrated) contains less than 1% of total 
glandular prostate tissue. These small glands empty 
into the proximal urethra and seem to be an extension 
of the peripheral and transition zones. The ventral or 
anterior fibromuscular stroma can make up as much 
as 30% of the total tissue within the prostatic capsule 
(Fig. 6.9). This tissue contains smooth-muscle fibers, 
many of which are continuous proximally with the 
detrusor muscle fibers of the bladder neck [52,54,55]. 
In an average 3.0-3.5 mL ejaculate, the prostatic 
contribution is approximately 0.5 mL [53]; it is rich 
in citrate, zinc, polyamines, cholesterol, acid phos- 
phatases, prostaglandins, and various proteases 
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important in the liquefaction of semen [55,56]. The 
functions of many of these constituents are unclear, but 
there are suggestions of their potential uses. For exam- 
ple, citrate is an important contributor to osmotic bal- 
ance and may also be important as a metal ion chelator. 
Zincis a constituent of many metalloenzymes, and free 
zinc has been claimed to be bacteriostatic in seminal 
plasma [57]. Others have highlighted the potential role 
of zinc in the regulation of citrate metabolism [58]. 
While the general function of acid phosphatases is 
known (hydrolysis of organic monophosphate esters), 
the specific biological role of acid phosphatase in 
semen is uncertain. Nevertheless, the enzyme is clini- 
cally important, since metastasizing prostatic cancer 
cells secrete the enzyme into serum. For this reason, 
acid phosphatase has served as an important marker 
for prostatic adenocarcinoma. More recently, pros- 
tate-specific antigen (PSA) has become widely used as 
a marker for prostatic cancer [59,60]. PSA is a 33 kD 
protein, a serine protease, secreted by the prostatic epi- 
thelium, but its function in nature remains uncertain. 
The molecule potentially plays a role in epithelial cell 
regulation, but it also acts as a protease degrading a 
major galactosaminoglycan (GAG) secreted into the 
ejaculate by the seminal vesicles, suggesting a role of 
the molecule in the liquefaction of semen [53,61]. 


The seminal vesicles 


The seminal vesicles are two large lobulated glands, 
5-10 cm in length, which lie inferiorly and dorsally to 
the bladder wall (Fig. 6.7). The paired organs lie almost 
horizontally when the bladder is empty and are pulled 
vertically when the bladder is distended. The glands 
consist of blind-coiled alveoli with several divertic- 
ula. The epithelial cells range from cuboidal to colum- 
nar but contain numerous organelles associated with 
secretory processes [62]. The name of the glands arose 
from early beliefs that they stored spermatozoa, but 
this is not the case. The ducts of the seminal vesicles 
join with the ampulla of the vasa and enter the urethra 
at the verumontanum. 

Secretions of the seminal vesicles make up 
approximately 1.5-2.0 mL of the average 3 mL ejacu- 
late [53,56]. The most important products of the 
seminal vesicles are fructose, prostaglandins, and 
coagulating proteins. Fructose concentrations in 
secretions of seminal vesicles are approximately 3 mg/ 
mL, while a total concentration of other sugars is only 
0.1 mg/mL. Fructose is thus the major energy substrate 
of sperm metabolism [56,63], and is important for the 
maintenance of sperm motility. 


Prostaglandin concentrations in seminal plasma 
range from 100 to 300 pg/mL, and this is sufficient to 
produce pharmacological effects [64,65]. Von Euler 
proposed the name “prostaglandin” because he believed 
the active agent found in seminal plasma came from 
the prostate [64]. It is now known that prostaglandin 
arises primarily from the seminal vesicles [66], and that 
the prostaglandins appear in many molecular variants. 
There are approximately 15 types of prostaglandins, 
and these are conventionally divided into four major 
groups (A, B, C, and D) according to their structure. 
The E group of prostaglandins is the major form in the 
male reproductive tract, and has been associated with 
the induction of muscular contractions, changes in 
cervical mucus, and improvement in sperm transport. 

Seminal vesicle proteins are thought to play a role 
in forming the viscous coagulum evident after ejacula- 
tion [53,56], and various proteases from the prostate, 
e.g., PSA, and perhaps from the seminal vesicles them- 
selves, then digest these proteins and cause liquefaction. 
There is also a potential role for seminal vesicle secre- 
tions in protecting sperm from reactive oxygen species 
present in the semen [67], whether produced by leuko- 
cytes or generated by the spermatozoa themselves. 


The bulbourethral glands and the 
glands of Littré 


The bulbourethral glands are encased in the urogeni- 
tal diaphragm. Embryologically, they arise from epi- 
thelia projecting from the urogenital sinus, and in 
the adult, the ducts of the glands penetrate the infer- 
ior layer of the diaphragm to enter the penile urethra 
(Fig. 6.7). Comparative biochemical and histochem- 
ical studies demonstrate the primarily GAG nature of 
the bulbourethral gland secretion [68,69]. This secre- 
tion forms the first part of the ejaculate, or the “pre- 
ejaculate,’ and serves to flush the tract with a buffered 
lubricant prior to the transport of sperm. The glands 
of Littré are small, simple glands emptying into the 
penile urethra. These glands have little secretory cap- 
acity, and their function is unknown. 
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Introduction 


Fertilization is a fundamental process that involves a 
highly coordinated sequence of interactions between 
the female and male gametes, giving rise to a diploid 
zygote. During this process, spermatozoa that have 
successfully completed spermatogenesis, epididymal 
maturation, and transport through the female repro- 
ductive tract first bind to the extracellular matrix that 
surrounds theegg, calledthezonapellucida(ZP).Sperm 
binding to ZP glycoproteins triggers sperm acrosomal 
exocytosis (AE), involving fusion of the sperm plasma 
and outer acrosomal membranes and the release of the 
content from the acrosomal granule; these compo- 
nents, in conjunction with the hyperactivated vigorous 
motility, help sperm penetration through the ZP. The 
spermatozoon reaches the perivitelline space, binds 
and fuses to the egg plasma membrane (oolemma); 
the sperm head enters the egg cytoplasm (ooplasm), 
and the sperm nucleus undergoes decondensation. 
Ultimately, sperm entrance triggers mechanisms to 
block polyspermia. Each of these steps is schematically 
represented in Figure 7.1. 

Although in the last 30 years some of the mecha- 
nisms involved in mammalian fertilization have been 
elucidated, the molecular basis of human sperm-egg 
interaction is still not completely known. Defective 
sperm-ZP interaction and disordered ZP-induced AE 
have been identified as major causes of fertilization fail- 
ure in standard in-vitro fertilization (IVF) procedures 
performed in couples under infertility treatment, anda 
major contribution to this outcome has been attributed 
to abnormalities in the male gamete [1,2]. An under- 
standing of the molecular mechanisms underlying 
the processes by which spermatozoa reach, recog- 
nize, bind to, and fuse with the egg will provide new 
tools for the improvement of current methods of 
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treatment and diagnosis of male infertility, as well as 
methods for regulation of male fertility. 

This chapter aims to present an overview of the cur- 
rent knowledge regarding the molecular mechanisms 
involved in human fertilization and the components 
participating in this process. Due to space limitations, 
most of the original publications on each topic could 
not be listed. Cited literature is mainly a selection of 
review and individual articles on recent advances in 
human reproduction. Reports from studies in ani- 
mal models are mentioned when strictly needed. For 
supplementary information, readers should refer to 
a number of review articles from highly recognized 
professionals in the field [3-10]. 


Sperm transport in the female tract 


Human semen is ejaculated into the anterior vagina 
and, within minutes, spermatozoa enter the cervix 
by traversing the cervical mucus. The mucus acts 
as a sperm filter, and only cells with good motility 
and morphology can enter the uterine cavity; in the 
uterus, spermatozoa are subjected to muscular con- 
tractions, and a few thousand cells are able to reach 
the Fallopian tubes. During their transport and stor- 
age in the female genital tract, spermatozoa undergo 
several metabolic and structural changes, collect- 
ively known as capacitation, and develop a distinct 
pattern of motility named hyperactivation. These 
changes prepare sperm cells to be guided to the egg by 
thermotaxis and chemotaxis, and are required for the 
occurrence of AE and for sperm penetration through 
the egg vestments (see below). The close relationship 
and dynamic interactions between spermatozoa and 
secretions and/or cells of the female genital tract are 
essential for the regulation and development of in-vivo 
sperm fertilizing ability. While sperm storage in the 
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Fig. 7.1. Schematic representation of mammalian sperm—egg interaction. Once deposited in the female reproductive tract, spermatozoa 
undergo a series of biochemical and functional changes known as sperm capacitation, and are able to follow guidance mechanisms towards 
the egg known as sperm thermotaxis and chemotaxis. In the vicinity of the egg, the fertilizing spermatozoon undergoes the following inter- 
action steps: (1) after penetrating the cumulus oophorus cells that surround the egg, the spermatozoon reaches the zona pellucida (ZP) and 
binds to it; (2) sperm binding to the ZP triggers sperm acrosomal exocytosis (AE), allowing the release of acrosomal content; (3) the spermato- 
zoon penetrates the ZP; (4) the soermatozoon reaches the perivitelline space, binds to and fuses with the egg plasma membrane (colemma); 
(5) the sperm head enters the egg cytoplasm (ooplasm) and the sperm nucleus undergoes decondensation [3]. 


oviduct mediated by binding to oviductal epithelial 
cells has been described in several animal species, the 
existence of a sperm reservoir in human Fallopian 
tubes remains to be proven [11,12]. 


Sperm capacitation 


The need for sperm capacitation to achieve fertiliza- 
tion in mammals was independently described nearly 
60 years ago by Austin [13] and Chang [14]; however, 
the molecular mechanisms underlying this process 
are only beginning to be clarified. Because of ethical 
and technical limitations, most studies leading to an 
understanding of the basis of in-vivo sperm capacita- 
tion, and most of the knowledge gained, have resulted 
from in-vitro evidence. 

Human sperm capacitation is initiated when 
the male gamete traverses the cervical mucus, with 
the removal of inhibitory factors from the semi- 
nal plasma. Several capacitation-related events take 
place during sperm passage through the uterus 


and Fallopian tubes or penetration of the cumulus 
oophorrus, and capacitation is completed on the sur- 
face of the ZP, with AE [11]. Evidence indicates that 
sperm capacitation is an asynchronous event, and 
that only a small proportion of the cells from an ejac- 
ulate (approximately 10% in humans [15]) are capac- 
itated at a given time; the continuous replacement of 
the capacitated sperm population would ensure the 
availability of “egg-responsive” spermatozoa for a rela- 
tively extended period of time. 

Capacitation has been associated mainly with 
(1) modifications in the sperm plasma membrane 
composition and fluidity, (2) changes in intracel- 
lular ion concentrations, (3) generation of low and 
controlled levels of reactive oxygen species, and (4) 
an increase in protein phosphorylation. A brief out- 
line of each event in human spermatozoa is presented 
here; a detailed description of this process in mam- 
malian spermatozoa has been reviewed elsewhere 
[3,7,11,16,17]. 
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Sperm plasma membrane modifications 

Sperm capacitation has been associated with the 
removal, alteration, and acquisition of sperm plasma 
membrane components during migration into cer- 
vical mucus or during passage through the uterus and 
oviduct [11]. 

An important modification related to sperm cap- 
acitation is the cholesterol efflux. Cholesterol pro- 
vided by the seminal plasma is the principal inhibitor of 
sperm capacitation; as a result of cholesterol removal, 
there is a decrease in the cholesterol/phospholipid ratio 
and an increase in membrane fluidity. Loss of sperm 
sterols also leads to a decrease of lipid order; such 
changes are associated with an increase in ion perme- 
ability and protein tyrosine phosphorylation, and with 
a redistribution of cell surface proteins [7,17,18]. In 
particular, cholesterol efflux has been connected with 
the exposure of mannose receptors on the sperm sur- 
face [19] that may interact with sugar residues of ZP 
glycoproteins (see below). 

Proteins of epididymal and/or seminal plasma 
origin, which act by stabilizing the plasma membrane 
and by preventing a premature AE, are removed from 
the sperm surface during capacitation [20]. Other 
proteins can be unmasked after sperm incubation 
under capacitating conditions, as shown for the epi- 
didymal protein P34H [21]. Moreover, protein redis- 
tribution may occur during capacitation; for example, 
the human testicular protein TPX1 is localized in the 
acrosomal region of ejaculated spermatozoa, but in the 
equatorial segment of capacitated cells [22]. 

Some seminal plasma components can bind to 
specific sperm receptors and regulate the expression 
of sperm fertilizing ability. It has been reported that 
fertilization-promoting peptide (FPP), adenosine, cal- 
citonin, and angiotensin II stimulate the initiation of 
capacitation, by modulation of membrane-associated 
adenylate cyclase (AC) activity, and hence intracellu- 
lar levels of cyclic adenosine monophosphate (cAMP) 
[23]. The incorporation by the sperm plasma mem- 
brane of some uterine and oviductal proteins has 
also been reported. As an example, sialic acid-binding 
protein (SABP) is secreted by human endometrial cells 
and would bind to the sperm head, facilitating calcium 
(Ca**) influx into sperm [24]. 


Changes in intracellular ion concentrations 

An increase in intracellular Ca”* ion concentration 
during human sperm capacitation has been reported. 
It is suggested that binding of this cation to some 


proteins (calmodulin) may affect the activity of several 
enzymes, such as soluble AC or phosphodiesterase, 
modulating the intracellular levels of cAMP; moreover, 
Ca’* ions may directly interact with membrane phos- 
pholipids, modifying their fluidity [16,17,25]. Ca”* sig- 
naling in human spermatozoa would be regulated by 
the release of this cation from intracellular stores, as 
well as by activation of several transporters and chan- 
nels in the sperm plasma membrane [26]. 

Capacitation has also been linked with bicarbo- 
nate (HCO) and sodium (Na*) influx into sperm- 
atozoa and with potassium (K+) efflux. As a result of 
HCO, influx, thereisariseinintracellular pH; HCO, 
may also activate soluble AC and then be involved 
in cAMP metabolism. Enhanced K* permeability 
and decreased Na* permeability may lead to sperm 
plasma membrane hyperpolarization; hyperpolariza- 
tion would be essential to revert to inactivation of Ca”* 
channels, leaving them with the ability to be activated 
by the ZP during AE (see below) [16,17,25,27]. 


Reactive oxygen species 

Spermatozoa incubated under aerobic conditions 
generate reactive oxygen species (ROS), such as 
superoxide anion (O), which spontaneously dismu- 
tates to hydrogen peroxide (H,O,). Although high ROS 
concentrations are harmful to the cell, low concentra- 
tions are beneficial for the development of sperm cap- 
acitation and AE. ROS are produced in high quantities 
by leukocytes, but O, production by spermatozoa has 
also been reported as an early capacitation-related 
event [28]. ROS would regulate enzymes involved in 
cAMP synthesis and in protein phosphorylation (see 
below) [29]. 


Increase in protein phosphorylation 

The occurrence of sperm capacitation has been asso- 
ciated with an increase in protein phosphorylation on 
tyrosine residues; a large number of studies have been 
performed in several mammalian species, including 
humans [17]. Most tyrosine-phosphorylated proteins 
have been localized to the sperm flagellum, although 
tyrosine phosphorylation of head proteins has also 
been reported [30]. In particular, A-kinase anchor 
proteins (AKAP82, pro-AKAP82, AKAP3, and FSP95) 
and calcium-binding and tyrosine phosphorylation- 
regulated protein (CABYR) localized on the human 
sperm tail undergo phosphorylation on tyrosine resi- 
dues during capacitation; these proteins are involved in 
the maintenance of sperm motility, and probably in the 
development of hyperactivation (see below) [31-34]. 
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Recent evidence has shown that human sperm cap- 
acitation is also related to protein phosphorylation 
on serine and threonine residues [35-37], although 
the identity of the target proteins and their function are 
still unknown. Phosphorylation on tyrosine, serine, 
and threonine residues has been associated with chol- 
esterol efflux and is modulated by ROS. However, the 
relationship between these phosphorylation pathways 
remains obscure [17,29,37]. 

Altogether, the findings summarized above show 
that multiple changes at the sperm plasma membrane 
level and the activation of several intracellular path- 
ways must occur on the sperm cell as a prerequisite for 
acrosomal responsiveness. 


Development of hyperactivated motility 
At ejaculation, spermatozoa display activated progres- 
sive motility that allows them to be propelled through 
the female genital tract. While residing in the oviduct, 
or following incubation under capacitating conditions, 
mammalian spermatozoa are able to change their 
motility pattern and showa less progressive, vigorous 
movement, characterized by a high-amplitude and 
asymmetrical flagellar beating; this phenomenon has 
been termed hyperactivation [38]. Hyperactivation 
is associated with sperm capacitation; however, the 
development of hyperactivated motility may be 
regulated by a separate or divergent pathway from 
that modulating the acquisition of acrosomal respon- 
siveness [39]. Although ATP and cAMP are necessary 
for sperm hyperactivation, there is evidence showing 
that an increase in intracellular Ca?” concentrations is 
essential for the development of this type of motility, 
which may be linked with the phosphorylation of spe- 
cific flagellar proteins [40]. Concomitant with the abil- 
ity to undergo in-vitro capacitation, a small proportion 
of the human spermatozoa synchronously develops 
hyperactivation (approximately 20% of the cells [41]), 
and hyperactivation is a reversible process since it can 
be “switched on and off” in individual cells [40]. 
Hyperactivated motility may be required for sperm 
release from the oviductal epithelium, for reaching 
the fertilization site, and for penetrating the cumulus 
oophorus and ZP [3]. A detailed description of the char- 
acteristics and regulation of mammalian sperm hyper- 
activation has been reviewed eslewhere [3,40,42-44]. 


Conditions to achieve in-vitro human 
sperm capacitation 


Capacitation-related events can be accomplished in 
vitro by incubating spermatozoa for a certain period 


of time, under specific environmental conditions, 
and using defined culture media. Considering that 
seminal plasma contains decapacitating factors, its 
removal is mandatory to achieve capacitation. Semen 
samples are subjected to dilution or to sperm separation 
techniques; immotile spermatozoa and round cells are 
removed, and a population of high-quality sperm cells 
is obtained [45]. 

Capacitation is a temperature-dependent pro- 
cess [3]. Human sperm incubation at body temper- 
ature has proven to be essential for the occurrence 
of protein tyrosine phosphorylation, for displaying 
hyperactivated motility, and for undergoing AE in 
response to a physiological stimulus, since none of 
these events occurs in cells incubated at room tem- 
perature [46]. 

Sperm culture media have been formulated to 
mimic the complex composition of the oviductal fluid. 
They consist of balanced salt solutions supplemented 
with appropriate concentrations of electrolytes, meta- 
bolic energy sources (glucose, lactate, and pyruvate), 
and a protein supply (albumin). The ionic composi- 
tion of culture media is fundamental to maintain 
sperm function. While most media contain mil- 
limolar concentrations of Ca”* ions, results from 
our studies have shown that 0.22 mM of this cation 
are sufficient to support the development of some 
capacitation-related events [47], and that Ca’ in the 
incubation medium can be replaced by strontium (Sr’*) 
ions [48]. The presence of HCO, and albumin in the 
culture medium is essential to promote capacitation. 
HCO, activates soluble AC, which would result in the 
activation of protein kinase A (PKA), while albumin 
assists in membrane cholesterol removal. All of these 
events are associated with protein phosphorylation on 
tyrosine residues [17]. 

Thein-vitro conditions described above provide the 
minimum requirements that allow the occurrence of 
sperm capacitation-related events. It is obvious, how- 
ever, that they are unable to completely mimic the com- 
plexity of the natural environment where capacitation 
takes place. In IVF conditions, the egg, its surrounding 
cells, and their secretions may contribute additional 
as-yet unidentified factors that may be required for 
spermatozoa to develop their full fertilizing ability. 


Sperm thermotaxis and chemotaxis 

Evidence has indicated that mammalian spermatozoa 
do not reach the egg by random encounter and that, 
instead, capacitated cells follow guidance mechanisms 
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towards the female gamete. In addition to passive 
sperm drag by muscle contraction in the oviduct, the 
existence of two active mechanisms of sperm guidance, 
named thermotaxis and chemotaxis, has been reported 
in mammals. Thermotaxis is the movement of cells in 
the direction of a temperature gradient, and chemo- 
taxis is the directed movement of cells along a chemi- 
cal concentration gradient [49,50]. 

Capacitated human and rabbit spermatozoa 
have been demonstrated to display thermotaxis, as 
in vitro they are able to sense a temperature difference 
of 2 °C and to swim from a cooler to a warmer tem- 
perature [51]. In rabbits, different temperatures have 
been found between the sperm storage site (cooler) 
and fertilization site (warmer), and there is evidence 
of a higher temperature difference after ovulation [52]. 
Neither the molecular mechanisms underlying sperm 
thermotaxis nor the identity of the sperm thermosen- 
sors is currently known. 

Chemotaxis was first reported in marine species 
with external fertilization [53], and later this phe- 
nomenon was described in amphibians and animals 
with internal fertilization, including mice, rabbits, 
and humans [50]. Many substances present in the 
oviductal and follicular fluids have been proposed as 
sperm chemoattractants [50]. Moreover, recent studies 
have suggested that the odorant bourgeonal is a che- 
moattractant for human sperm; this compound would 
cause the activation of signal transduction pathways 
leading to an increase in intracellular cAMP and Ca” 
concentrations [54]. These events would result in an 
asymmetrical beating of the flagellum, with a change in 
the swimming direction. Some chemoattractants can 
also increase the flagellar beat frequency, reflected in 
an increment in swimming speed, a phenomenon that 
has been called chemokinesis [55]. 

The relevance of thermotaxis and chemotaxis in 
vivo remains to be determined; these phenomena 
would have the function of recruiting a selective 
sperm population with the ability to fertilize the egg 
[15,51]. It has been proposed that while thermotaxis 
may be a sperm guidance mechanism from the reser- 
voir to the fertilization site, chemotaxis could be the 
way by which spermatozoa are directed through the 
cumulus cells to the egg [49]. 


Sperm-—egg interaction 

Sperm-egg interaction is a specialized process that 
leads to fertilization and activation of development. 
Studies performed in several mammalian species 


have shown that sperm cells that have completed 
capacitation first bind to the ZP and undergo AE; 
acrosome-reacted spermatozoa penetrate the ZP, 
reach the perivitelline space, and bind and fuse to the 
egg plasma membrane. A general description of the 
molecular basis of sperm-ZP and sperm-oolemma 
interactions is presented in the following paragraphs. 
In addition, information about the composition of the 
ZP, the sperm proteins involved in these interaction 
events, and some of the molecular aspects of AE are 
summarized. Finally, a brief description is presented of 
the in-vitro tests available to assess sperm-egg inter- 
action and their relevance in the diagnosis of male 
infertility. 


Sperm binding to the zona pellucida 


Sperm binding to the ZP is a highly relevant step in the 
interaction events leading to fertilization since it pro- 
vides species-specificity to the recognition between 
the two gametes, and it evokes the AE, an event that 
is required for sperm penetration of the ZP and 
fusion to the oolemma. Sperm-ZP binding involves 
the interaction of ZP components with sperm sur- 
face proteins of capacitated cells, known as primary 
binding. In addition, gamete binding involves par- 
ticipation of intra-acrosomal proteins exposed once 
spermatozoa undergo AE; this interaction, called 
secondary binding, helps sperm cells to remain asso- 
ciated with the egg extracellular matrix. Numerous 
findings favor the notion that several ZP and sperm 
proteins participate in these events. Irrespective of the 
specific receptors involved, there is a general consensus 
that sperm interaction with ZP ligands stimulates pro- 
found changes in the sperm cell, which include activa- 
tion of several signaling cascades and ion channels (see 
Acrosomal exocytosis, below). For detailed information 
on the mechanism of sperm-ZP interaction, the reader 
may refer to the review articles mentioned at the begin- 
ning of this chapter. 


The zona pellucida (ZP) 

TheZP surroundsall mammalian eggs, andlies between 
the innermost layer of follicle cells and the egg’s plasma 
membrane. It is the last physical barrier that the 
spermatozoon must traverse to achieve fertilization; 
in addition, it protects the egg from physical damage, 
provides species-specificity to gamete interaction, 
and contributes to the blocking of polyspermia after 
sperm-egg fusion. The ZP also provides a defined 
environment for the preimplantation embryo and 
protects it from any injury. 


Chapter 7: Molecular mechanisms in human fertilization 


The elucidation of molecular aspects related to 
the composition, structure, and function(s) of the ZP 
has come mainly from investigations in the murine 
model. Biochemical studies showed that the mouse 
ZP is composed mainly of three glycoproteins, named 
mZP1, mZP2, and mZP3, and assembled into a net- 
work of cross-linked filaments. Further work exten- 
sively characterized these proteins at a molecular level, 
and experimental models combining targeted muta- 
genesis and transgenesis have been developed. It was 
demonstrated that mZP3 is the ligand for sperm pri- 
mary binding and triggers and/or accelerates the AE 
(see below). mZP2 would be involved in sperm second- 
ary binding to the ZP (see below), and mZP1 would 
maintain the integrity of the ZP structure. In addition 
to this evidence, a recent study has proposed that mZP2 
may regulate the supramolecular structure of the ZP 
required to support sperm binding [5,6,56,57]. 

Similarly to the murine model, three ZP glycopro- 
teins were initially identified in the human ZP [58], 
their primary structure was deduced from the cDNA, 
and they were named hZPA,' hZPB, hZPC [59]. Later, 
a transcript of an additional ZP gene (hZP1) was 
found, and preliminary results have described the 
presence of the encoded protein in the human ZP [60]. 
Sequence analysis revealed that hZPA is the homolog of 
mZP2, hZPC is the homolog of mZP3, and hZP1 is the 
ortholog of mZP1 and the paralog of hZPB. ZPB would 
not be expressed in the mouse eggs, but recent studies 
identified a novel ligand that facilitates sperm adhesion 
to the ZP [61]. 

The human ZP has been found to have a select- 
ive role against morphologically and functionally 
abnormal spermatozoa. Sperm cells bound to the ZP 
show normal morphology [62], and normal nuclear 
chromatin [63]; in addition, a positive correlation 
was observed between the number of sperm bound to 
the ZP and sperm protein tyrosine phosphorylation 
patterns [64]. 

Human ZP glycoproteins may also participate 
in primary and secondary binding; accumulated 
evidence shows the involvement of fucose, galactose, 
N-acetylglucosamine and mannose residues as well 


‘Also named ZP2 (Symbol report: ZP2. Human Genome 
Organization (HUGO). Gene Nomenclature Committee, April 
25, 2005. www.gene.ucl.ac.uk/nomenclature/data/get_data. 
php?hgnc_id=13188. 

? Also named ZP3 (Symbol report: ZP3. Human Genome 
Organization (HUGO). Gene Nomenclature Committee, April 
25, 2005. www.gene.ucl.ac.uk/nomenclature/data/get_data. 
php?hgnc_id=13189. 


as sulfated glycans of the ZP in these events [65-71]. 
More recently, the interaction of these sugars with the 
sperm acrosomal proacrosin/acrosin system has been 
described [72] (see below). Nevertheless, participation 
of the ZP polypeptide backbone in gamete interaction 
should not be disregarded. 

Biochemical and functional studies with isolated 
native human ZP glycoproteins have been hampered 
by the scarcity of this biological material. To over- 
come such limitations, several groups developed 
in-vitro systems to produce recombinant human 
ZP proteins in prokaryotic and eukaryotic cells, and 
evaluated their function [73-80]. Recombinant hZPC 
was found to be associated with the head of capacitated 
motile human spermatozoa [81-83] and to interfere 
with ZP interaction [77,83]. Human ZPB produced in 
bacteria or insect cells binds mainly to the equatorial 
segment and acrosome of capacitated spermatozoa 
[82]. With regard to hZPA, the recombinant protein 
produced in bacteria or insect cells was reported to 
bind only to acrosome-reacted spermatozoa [82,84], 
and specific antibodies were capable of blocking sperm 
binding and penetration of homologous ZP [84]. Our 
group described the binding activity of recombinant 
human ZP glycoproteins produced in mammalian 
cells to human proacrosin/acrosin proteins generated 
in bacteria; the molecular aspects of the interaction 
between the acrosomal protease system and hZPA 
were analyzed [85] (see below). Studies aimed at assess- 
ing the ability of recombinant human ZP proteins to 
induce the acrosomal loss of human spermatozoa will 
be discussed under Acrosomal exocytosis (below). The 
use of recombinant human ZP glycoproteins with bio- 
logical activity will help us to understand the basis of 
sperm-ZP interaction, as well as to develop alternative 
tools for male infertility diagnosis. Moreover, these 
proteins may be used as immunocontraceptive anti- 
gens, as reported [86-88]. 


Sperm receptors involved in sperm—ZP interaction 

A large number of sperm proteins have been pro- 
posed to participate in ZP binding, and there is an 
extensive literature on thissubject. Studies have involved 
the use of experimental models in rodents as well as in 
other mammals; numerous methodologies have been 
applied to their study, from classical cell biology and 
biochemistry to the most sophisticated molecular biol- 
ogy technologies and experimental genetics, includ- 
ing gene knockout models. Protein candidates include 
a variety of enzymes ((1,4-galactosyltransferase/ 
GalTase; a-fucosyltransferases; | a-mannosidases; 
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N-acetylglucosaminidase/Hex; phospholypase A2), 
and carbohydrate-binding proteins (mannose, galac- 
tose, and fucose receptors; p47/SED1 and other 
spermadhesins; zonadhesin; selectin-like molecules), 
as well as other proteins (FA-1, P34H/P26h/P25b, 
SLIP-1, p66, epithelial cadherin). In humans, presence 
of some of these proteins has been described: FA-1 and 
P34H (see below), Gal'Tase [89], Hex [90], selectin [91], 
SLIP-1 [92], p66 [93], epithelial cadherin [94]. In addi- 
tion to these surface proteins, acrosomal components 
have been found to display ZP binding activity, and 
would most likely be involved in secondary binding. 
Among them are proacrosin/acrosin, PH-20, Sp 56, 
acrin2/MC41, Sp 38/IAM38, and Sp 17; evidence sup- 
porting the expression in the human of proacrosin/ 
acrosin (see below), PH-20 [95], Sp 17 [96], and SOB3 
[97] has been reported. In the following paragraphs, a 
brief description of sperm proteins FA-1, P34H, and 
proacrosin/acrosin is presented; selection of these enti- 
ties was based on the abundant data available in the 
literature and on reports on their relationship to human 
fertility. 

FA-1 is a 51 kDa glycoprotein present on the 
postacrosomal, midpiece, and tail sperm regions first 
described in mice [98]; characterization of the DNA 
sequence encoding human protein has been published 
[99]. Its participation in human gamete interaction has 
beensuggestedbyreports describing the ability ofspecific 
antibodies and the purified protein to block sperm-ZP 
binding [100]. Moreover, antibodies towards FA-1 were 
detected in sera from subfertile men and women [101]; 
their presence may be deleterious for human fertiliza- 
tion, as proven in animal models, in which a contracep- 
tive effect of immunization with recombinant FA-1 or 
the DNA encoding the protein was described [102,103]. 

P34H is a 34 kDa human sperm surface protein 
of epididymal origin localized on the acrosomal cap 
of intact ejaculated and capacitated cells [21]. The 
involvement of P34H in human fertilization was first 
evidenced by the inhibitory effect of a specific antise- 
rum upon sperm-ZP binding [104]. Further research 
has revealed a significantly low concentration of P34H 
in a group of men with idiopathic infertility [105]; a 
recent study also demonstrated a positive correlation 
between the proportion of cases with P34H and suc- 
cessful IVF [106]. P34H has been proposed as a “fertil- 
ity marker” in the assessment of the subfertile men. 

Acrosin is asperm acrosomal protease extensively 
studied in numerous species. In addition to its pro- 
teolytic activity (see below), biochemical studies have 


shown that human acrosin and its zymogen, proacro- 
sin, bind to either native or recombinant human ZP 
glycoproteins [85,107]. Proacrosin/acrosin proteins 
were found to bind to recombinant hZPA, hZPB, 
and hZPC, showing the highest binding activity in 
proacrosin and towards hZPA; the interaction appears 
to involve hZPA sugar residues [72,85], and can be 
blocked by antiacrosin antibodies from subfertile 
women [108]. Our group has proposed a model com- 
bining human proacrosin/acrosin binding ability with 
the proteolytic properties of the mature enzyme during 
gamete interaction (see below). Whether alterations in 
proacrosin-ZP binding are associated with infertility 
still has not been reported. 

In conclusion, despite great effort and much 
research, a consensus has yet not been reached on the 
sperm proteins that participate in sperm-ZP interac- 
tioninany mammalian species, particularly in humans. 
The reader may refer to the review articles on fertiliza- 
tion listed earlier, for reference to some of the proteins 
mentioned above. 


Acrosomal exocytosis (AE) 


After binding to the ZP, capacitated spermatozoa are 
able to undergo AE. The acrosome is a lysosome-like 
organelle that covers the anterior portion of the sperm 
nucleus. The membrane that overlies the nucleus has 
been called inner acrosomal membrane, and the por- 
tion that underlies the plasma membrane is known as 
outer acrosomal membrane. The acrosome contains 
soluble and particulate compartments (the latter known 
as acrosomal matrix), constituted by many proteins with 
hydrolytic properties [109]. AEisanirreversible process 
that involves a complex series of intracellular events, 
which result in the fusion of the outer acrosomal 
membrane and the overlying plasma membrane, 
with the subsequent release of the acrosomal content 
and the exposure of the inner acrosomal membrane. 
The occurrence of AE facilitates sperm penetration 
through the ZP, and exposure of certain molecules on 
the sperm equatorial segment that participate in the 
fusion with the oolemma (see below) [3]. 

Studies performed in several species have dem- 
onstrated that most of the spermatozoa that reach 
the oviduct have an intact acrosome. Some cells may 
initiate the AE while traversing the cumulus oopho- 
rus, but the fertilizing spermatozoon completes 
the AE upon interaction with ZP glycoproteins [3]. 
Reports on the mouse model have demonstrated that 
binding of mZP3 to specific sperm receptors may 
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cause their aggregation and activation [110-112]. 
Activated receptors trigger a cascade of events that 
culminates with membrane fusion and the release of 
the acrosomal components. Briefly, mZP3-induced 
AE involves the activation of G proteins, intracellu- 
lar alkalinization, plasma membrane depolarization, 
transient Ca” elevation by activation of voltage-sen- 
sitive T-type channels, generation of inositol 1,4,5- 
triphosphate (IP,), sustained rise in intracellular 
Ca” concentrations by depletion of IP -sensitive Ca* 
stores and opening of store-operated Ca’ channels in 
plasma membrane, and production of fusogenic com- 
pounds [7,27,113,114]. 

In humans, it has been reported that native or 
solubilized ZP proteins induce the acrosomal loss in 
capacitated cells [115]; however, due to the restricted 
availability of biological material, the identity of ZP 
components responsible for triggering AE has not been 
determined. Studies using human recombinant pro- 
teins have shown that recombinant hZPC produced 
in eukaryotic cells is able to provoke AE, involving 
the activation of glycine and nicotinic acetylcholine 
receptors, the participation of G, protein, and an influx 
of Ca” [73,74,77,79,80,116,117]. In addition, recent 
findings indicate that hZPB produced in insect cells 
also induces AE in capacitated human spermatozoa, 
by activating a G -independent sperm receptor [79,80]. 

The molecular mechanisms controlling membrane 
fusion during human sperm AE have been extensively 
studied in recent years. The participation in the AE 
of the SNARE (soluble N-ethylmaleimide-sensitive 
attachment protein receptors) and other associated 
proteins, known to regulate membrane fusion during 
somatic cell exocytosis, has been reported [118-120]. 
Moreover, it has been shown that tyrosine kinase and 
phosphatase activities are required for human sperm 
AE, indicating the involvement of protein tyrosine 
phosphorylation in this process [30,121]. 

In capacitated human spermatozoa, AE can also 
be achieved by exposure to cumulus oophorus secre- 
tions, oviductal and follicular fluids [122-125]. It has 
been demonstrated that the AE-inducing activity of 
human follicular fluid (hFF) resides in its progester- 
one content [126], and our studies indicate that anti- 
bodies present in the fluid of infertile patients are also 
able to provoke the acrosomal loss [127]. Although the 
relevance of these factors in physiological AE is still 
unknown, it is possible that different agonist molecules 
present in the vicinity of the egg trigger additive or syn- 
ergistic mechanisms leading to maximization of the 


exocytotic response. Progesterone and follicular fluid 
have shown a priming effect on ZP-induced AE in 
mouse and human spermatozoa [128,129]. The expo- 
sure of human spermatozoa to a gradient of progester- 
one, simulating the conditions found at the fertilization 
site, leads to a low rise and oscillations in intracellular 
Ca% concentrations; such stimulus is insufficient to 
provoke AE, but stimulates sperm movement [130]. 

Since only capacitated cells are able to undergo 
AE in response to a physiological stimulus, the 
occurrence of AE indicates the completion of the 
capacitation process. Both phenomena are intimately 
related, and trying to dissociate the molecular mecha- 
nisms governing each of them has been a difficult task. 
Results from our studies have revealed that while 0.22 
mM of Ca” in the incubation medium is sufficient to 
allow the occurrence of several capacitation-related 
events, 0.58 mM of this cation are required to sup- 
port AE in response to hFF [47]; moreover, sperm 
capacitation can be accomplished in a medium in 
which Ca” ions have been replaced by Sr”, but this ion 
is unable to sustain hFF-induced AE [48]. Incubation 
of spermatozoa under specific ionic conditions 
would allow the temporal separation of capacitation 
and AE, and the implementation of these models 
will improve the knowledge of the molecular basis of 
these processes. 

For further information about acrosomal exocyto- 
sis, the authors suggest that the reader refer toa number 
of reviews [3,16,131-135]. 


Sperm penetration through the ZP 


Spermatozoa that have completed AE are able to 
penetrate the ZP and fuse with the egg plasma mem- 
brane. Studies in animal models have shown that sper- 
matozoa about to enter the ZP have the acrosomal 
“ghost” around the head, or have left it on the outer ZP 
surface. The time that spermatozoa need to complete ZP 
penetration is variable (mouse spermatozoa need 15-26 
minutes), and it mainly depends on the capacitation sta- 
tus of the spermatozoa cell at the time of insemination. 
During penetration, spermatozoa beat their tails vig- 
orously and, in most cases, take curved paths, leaving 
behind a thin sharply defined penetration slit [3]. 

The mechanism by which mammalian sperma- 
tozoa penetrate the ZP has still not been completely 
elucidated. Several scenarios have been proposed, 
within them a “mechanical hypothesis” in which 
sperm would complete ZP penetration solely by 
physical thrust and independently of the acrosomal 
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enzymatic activity, and an “enzymatic hypothesis,’ 
in which sperm penetration would require enzymatic 
activity, and motility would not be very relevant. A 
mechanism combining sperm enzymatic hydrolysis 
with vigorous flagellar motility as a mechanical force 
has also been considered [3,6,10]. 

The involvement of human sperm trypsin-like 
hydrolases in penetration of the ZP was suggested 
from studies showing the blocking effect of trypsin 
inhibitors upon this event [136]. Among the acro- 
somal sperm components studied so far, the proacrosin/ 
acrosin protein system has been the best characterized 
[137,138]. Acrosin (EC 3.4.21.10) is atrypsin-like endo- 
protease synthesized and stored in the acrosome in its 
zymogen form, proacrosin [139,140]; the activated 
mature enzyme, B-acrosin, is released during AE [141], 
and evidence suggests that its activation is accelerated by 
ZP components [142]. The classical concept that sperm 
penetration of ZP glycoproteins is aided by proteoly- 
sis mediated by acrosin has been under revision since 
knockout animals lacking this protease were found to be 
fertile [143,144]. However, spermatozoa from acrosin- 
deficient mice exhibited a delayed fertilization [143], 
they did not fertilize eggs if challenged with wild-type 
spermatozoa [144], and they performed poorly when 
exposed to eggs with hardened ZP [145]. Altogether, 
this evidence suggested a disadvantage of the sperma- 
tozoa lacking acrosin in their ability to penetrate the 
ZP. Other proteases found in mice may overcome the 
absence of acrosin, but their human homologs were not 
identified [146]. Further studies indicated that acrosin 
enzymatic activity may participate during AE in the 
dissolution of the acrosomal matrix and in the release 
of the acrosomal content [147]. 

In humans, an abnormal acrosin enzymatic activ- 
ity has been associated with fertility failure. In par- 
ticular, a group of men diagnosed with unexplained 
infertility showed decreased acrosin activity [148,149]; 
the low enzymatic activity was related to a diminished 
IVF outcome, and abnormalities in proacrosin acti- 
vation were identified, but no changes in the DNA 
sequence of proacrosin were found [148]. 

The results summarized above show that the mech- 
anisms underlying the sperm-ZP penetration remain 
to be established; future studies may help in unraveling 
the molecular basis of this event. 


Sperm fusion to the oolemma 


Spermatozoa that have completed AE and ZP pen- 
etration reach the perivitelline space, and bind and 


fuse to the oolemma. The interaction between the 
fertilizing spermatozoon and the egg plasma mem- 
brane would initially involve the contact and binding 
between sperm receptors located in the inner acro- 
somal membrane from the apical region of the head 
and oolemma microvilli. After this interaction is dis- 
sociated by proteases, the spermatozoon might turn 
parallel, attach to the oolemma, and fuse by its equa- 
torial segment. Apparently, the anterior sperm region 
is engulfed by egg phagocytosis, and the postacro- 
somal region and tail are subsequently incorporated 
via membrane fusion. A visible indication of gamete 
fusion is the reduction of sperm tail movement that 
occurs seconds after the fusion event. Under physio- 
logical conditions, only one spermatozoon fuses with 
the oolemma [3,7,150-153]. 

Acrosome-intact sperm cells are unable to fuse, 
regardless of their capacitation status. As a result of 
or concomitant with AE, the sperm plasma mem- 
brane at the equatorial segment undergoes major 
physiological changes rendering a cell capable of 
fusing with the egg, making the AE an absolute pre- 
requisite for gamete fusion. In contrast, strong sperm 
motility is not essential for sperm-egg fusion [3]. 

Several sperm proteins have been proposed to 
participate in mammalian gamete fusion. For many 
years, studies in the mouse pointed at members of the 
MDC (metaloprotease-like domain, desintegrin-like 
domain, cystein-rich domain) or ADAM (a disintegrin 
and metalloprotease) proteins present on sperma- 
tozoa, in particular, fertilin-B (also known as ADAM2) 
and cyritestin (ADAM3). However, gene deletion stud- 
ies showed that fusion occurred in the absence of these 
proteins [154,155]. In humans, the genes encoding 
proteins fertilin-a (ADAM1), tMCDII, and cyritestins 
are nonfunctional [156], but sperm cells express other 
members of this protein family (ADAM18) that may be 
relevant to oolemma binding [157]. 

Recent studies have identified a novel immu- 
noglobulin superfamily type I transmembrane pro- 
tein, named IZUMO. This protein is exposed after 
AE, and seems to be essential for mouse sperm-egg 
fusion, since IZUMO~ males are sterile and sperma- 
tozoa from these animals were not capable of ferti- 
lizing in vitro. In humans, an anti-IZUMO antibody 
can inhibit sperm performance in the ZP-free hamster 
egg sperm penetration assay (SPA, see below) with- 
out affecting sperm transport and interaction with 
the egg vestments [158]. However, a normal expres- 
sion of IZUMO was observed in patients with severe 
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oligospermia and/or asthenospermia, as well as in 
patients with fertilization failure in previous conven- 
tional IVF procedures [159]. 

The involvement of other sperm proteins in gamete 
fusion has been suggested by studies showing the abil- 
ity of specific antibodies to inhibit sperm performance 
in the SPA: FLB1 [160], SOB2 [161], gp20 [162], Sp 10 
[163], ARP [164], SAMP32 [165], SAMP14 [166], 
TPX1 [22], and epithelial as well as neural cadherins 
[94, Marin-Briggiler et al., unpublished data]. 

With regard to the egg receptor, integrins were 
initially thought to act as the counterpart of ADAM 
proteins [167], but later were found to be dispens- 
able for sperm-egg fusion in animal models [168] and 
humans [169]. However, their potential accessory role 
in sperm-egg fusion remains to be determined, espe- 
cially considering the evidence of the presence of «661 
integrin clusters at the site of sperm contact [170]. 

Studies done in the murine model demonstrated 
that CD9 has a crucial role in sperm-egg fusion. 
CD9~ female mice showed severely reduced fertil- 
ity, but the deficiency could be overcome by sperm 
microinjection into the egg cytoplasm [171]. In 
human eggs, antibodies towards CD9 inhibited clus- 
tering of other associated proteins that would be dir- 
ectly involved in gamete fusion [170]. 

Currently, there are two best-characterized exam- 
ples of membrane fusion events: fusion between 
membranes of enveloped viruses and host cells, and 
fusion between cytoplasm transport vesicles and tar- 
get membranes [152]. Much still needs to be studied to 
determine whether similar mechanisms or a novel one 
underlies mammalian sperm-egg fusion. 

Once the fertilizing spermatozoon has entered 
the ooplasm, the block of polyspermia is achieved 
by changes in the oolemma that prevent the entry 
of additional sperm cells (cortical reaction); in 
addition, enzymatic modifications of the ZP glyco- 
proteins alter the structure and penetrability of the 
ZP matrix (i.e., hardening of the ZP, ZP reaction). 
Ultimately, the fertilizing spermatozoon activates 
zygote formation, and zygote development begins by 
receptor-mediated signal transduction cascades and/ 
or provision of sperm components [3]. 


In-vitro assays to evaluate sperm—egg 
interaction 


Several in-vitro bioassays have been developed to test 
sperm-egg interaction. Some of them have also been 


used in experiments aimed at evaluating the molecular 
basis of fertilization. A brief description is presented in 
the following paragraphs. 

The ability of human spermatozoa to recognize 
and bind to the homologous ZP can be tested by 
the hemizona and intact-ZP assays, using oocytes 
that have failed to fertilize in IVF cycles, or have been 
retrieved from surgically removed ovaries or postmor- 
tem tissue. In the hemizona assay, oocytes are micro- 
bisected in equal halves; hemizonae are exposed to 
two different sperm populations (spermatozoa from 
patient and fertile control), and the numbers of tightly 
bound cells in each hemizona are compared [172]. The 
intact-ZP assay, known as the “sperm-ZP binding ratio 
test,” evaluates competitive binding of two differentially 
labeled sperm populations to human oocytes [173]. The 
ability of spermatozoa to bind to the ZP has been associ- 
ated with sperm concentration, motility, normal mor- 
phology, and acrosomal integrity; moreover, the results 
of both ZP binding assays have been positively and sig- 
nificantly correlated with IVF outcome [174-176]. 

Evaluation of the acrosomal status of human 
spermatozoa recovered after binding to native ZP 
has been proposed as a test to determine sperm 
ability to undergo physiological AE [177]; the acro- 
somal loss can also be induced by sperm exposure 
to solubilized ZP [178]. Other physiological (hFF 
[179] and progesterone [180]) and pharmacological 
(calcium ionophore A23187 [181]) agents have been 
widely utilized to determine human sperm ability 
to undergo in-vitro AE. Different responses to these 
inducers have been obtained in spermatozoa from fer- 
tile men compared to those from subjects with abnor- 
mal semen parameters, and results have been highly 
correlated with fertilization rates in standard IVF 
[174,175,182,183]. In over 25% of the patients with idi- 
opathic male infertility, disordered ZP-induced AE has 
been identified. Interestingly, in some cases this pathol- 
ogy was not related to abnormal sperm-ZP binding, 
indicating that the evaluation of both sperm-ZP 
binding and ZP-induced AE would be required to 
assess human sperm function [174,176]. 

Assays to evaluate the ability ofhuman spermato- 
zoa to penetrate the ZP and to bind to the oolemma 
have been developed using homologous oocytes 
[174]; however, these tests are rather complex to carry 
out and are performed with fresh oocytes, making 
the protocols difficult to implement. Alternatively, 
the heterologous gamete assay using ZP-free ham- 
ster eggs (SPA) has been extensively used to assess 
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human sperm ability to fuse with the oolemma and 
to undergo chromatin decondensation [184]. In the 
standard SPA [185], eggs are inseminated with over- 
night-capacitated spermatozoa; optimized protocols 
involve the use of spermatozoa subjected to treatments 
that increase the population of acrosome-reacted cells 
(exposure to A23187 or hFF; incubation with TEST- 
yolk buffer [185,186]). These modified assays have 
a higher power to predict natural pregnancy than 
conventional semen parameters [187,188], and their 
results have been related to normal sperm morphology 
[189] and IVF rates [186]. 

The validity of the aforementioned sperm func- 
tional assays to predict fertilization outcome under 
in-vitro conditions has been compared in a meta- 
analysis finding that, while sperm-ZP binding and 
induced-AE assays have a high predictive power in 
IVF, the standard SPA has poor clinical value as pre- 
dictor of fertilization [190]. 

Further assessments related to sperm-egg interac- 
tion in vitro may include evaluation of the expression 
levels of sperm proteins involved in fertilization, such 
as mannose receptors [191] and P34H [106], in addi- 
tion to the detection of the presence and protease activ- 
ity of proacrosin/acrosin [192]. 

The evaluation of the subfertile male should 
include a basic semen analysis, followed by bioassays 
aimed at assessing sperm functional competence. 
In men without noticeable defects in routine semen 
parameters, assessment of sperm-egg interaction may 
help in the diagnosis of infertility. Moreover, the results 
of these tests may allow the selection of the most appro- 
priate therapeutic procedure for each patient. As an 
example, spermatozoa from patients with disordered 
ZP-induced AE have shown a poor performance in 
standard IVE, but they were able to reach high fertiliza- 
tion and pregnancy rates after intracytoplasmic sperm 
injection (ICSI), demonstrating the effectiveness of the 
ICSI procedure as the optimal treatment in these cases 
[2,193]. 


Conclusions 


This chapter has described the molecular mechanisms 
involved in human fertilization, focusing on the male 
gamete. The mechanisms underlying fertilization have 
been shown tobe extremely complex, andmany of them 
are triggered/regulated by the interaction between the 
gametes themselves and between the gametes and 
other cells, acellular structures, or secretions present in 
the male and female reproductive tracts. 


The literature has accumulated evidence mainly 
derived from in-vitro studies, but results and conclu- 
sions are limited by the experimental approaches used. 
Trying to reproduce such a complex scenario in vitro is 
nearly impossible, and this serious technical limitation 
is restricting our complete knowledge of the fertiliza- 
tion process. Despite their deficiencies, in-vitro stud- 
ies have allowed the development of several diagnostic 
methods and many therapeutic protocols, the human 
IVF procedure being the best example of their validity. 

Many of the molecular mechanisms underlying 
mammalian sperm capacitation, AE, and fusion with 
the egg have been found to modulate somatic cell func- 
tions. In addition, much of what we presently know 
about fertilization in humans was first described in 
animal models. However, several differences have been 
identified in the components and regulatory mecha- 
nisms of animal and human gametes, suggesting that 
many answers to our questions about human fertiliza- 
tion will finally be found in the human cells. 

In recent years, efforts have been made to produce 
genetically modified animals to study the role of cer- 
tain proteins in fertilization; many of these animals 
remain fertile, most likely because they carry redun- 
dant mechanisms to ensure fertilization success. These 
experimental models, although very elegant, probably 
are far from reality. Working closely, researchers and 
clinicians may be able to capture the invaluable infor- 
mation that can be obtained from a comprehensive 
evaluation of the infertile male. 
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Introduction 


Our understanding of genomic medicine has vastly 
improved with recent developments in molecular gen- 
etics, stem cell technology, and the description of the 
DNA content of the human genome. Indeed, advances 
in these fields have had an impact on research that is 
focused on genetic causes of male infertility. The goal 
of this chapter is to show how developments in gen- 
omic medicine will likely explain much of what we 
currently view as unexplained male infertility. The 
increasing importance of the human X chromosome as 
a source of spermatogenesis genes, the fact that faulty 
recombination occurs in male infertility, and the grow- 
ing knowledge of the close relationship between germ 
cells and stem cells will be discussed. Taken together, 
these developments in genetic causes of male infertil- 
ity have tremendous implications for the diagnosis and 
treatment of this condition. 


The X chromosome and male 

infertility 

Although abnormalities of the Y chromosome have 
been associated with male infertility since 1976 [1], 
only in the last decade was the Y chromosome shown 
to have genes that govern spermatogenesis. More 
recently, it has become clear that the X chromosome 
may be as important as the Y in determining male 
fertility potential. Although its role as a sex-determin- 
ing chromosome is well recognized, one suggestion 
that the X chromosome harbored male infertility genes 
arose from case reports of X-chromosome transloca- 
tions, partial deletions, and inversions that resulted in 
severe infertility and azoospermia [2-6]. Infertility 
from structural abnormalities may occur through 
direct interruption of a gene at breakpoint regions, 
or as a consequence of “position effect,” in which 
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an uninterrupted gene does not function normally 
because of its changed chromosomal environment. 
As a consequence, the X chromosome garnered suspi- 
cion as an important chromosome for male fertility. 


Studies on the mouse X chromosome 


Recently, Wang and colleagues began a systematic 
search for the genes expressed exclusively in mouse 
spermatogonia [7]. Of 25 genes identified by cDNA 
subtraction, 3 localized to the Y chromosome, 12 to 
autosomes, and 10 (9 novel) to the X chromosome. 
Verifying the value of the cDNA subtraction, these 
experiments recovered the mouse homologs of three 
well-described human Y-chromosome genes: USP9Y, 
RBMY, and DAZ. The strong and unexpected predi- 
lection of genes expressed in spermatogonia to the X 
chromosome, indicating 15-fold enrichment relative 
to chance, led the investigators to conclude that the 
X chromosome has a predominant role in premeiotic 
stages of mammalian spermatogenesis. Interestingly, 
many protein products of these genes were found to 
have a role in transcriptional or post-transcriptional 
gene regulation. In addition, human homologs to six of 
the nine novel mouse X-chromosome genes were iden- 
tified and mapped to chromosomal regions of known 
conserved synteny between mouse and human genomes 
(Table 8.1) [7]. Thus, similar to genes on the Y chromo- 
some, X-chromosome genes may also prove to be sites 
of mutation in human spermatogenic failure. 


Clinical studies of human X-linked genes 
and infertility 


Few studies have examined mutations in X-linked 
genes in male infertility patients (Table 8.2) [8,9]. 
In a study of 56 infertile men with low or no sperm 
counts, Raverot et al. observed mutations in the SOX3 
(sex determining region Y box 3) gene [8]. The mouse 
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Table 8.1. Human germ-cell-specific X-linked genes expressed in spermatogonia [7] (reproduced with permission) 


Mouse gene Mouse Human ortholog 
chromosome 

Fthi17 X FTHL17 

Usp26 X USP26 

Tex11 X TEX11 

Tafq2 X TAFQ2 

Nxf2 X NXF2 

Tex13 X TEX13A, 13B 

mUtp14b X UTP14 


Table 8.2. Clinical studies of X-linked genes in male infertility 


Comments 


Ferritin, iron metabolism 

Ubiquitin specific protease 26 

Testis expressed gene 11 

TBP-associated factor; RNA polymerase II 
Nuclear RNA export factor 

Testis expressed gene 13 


Juvenile spermatogonia depletion (jsd) phenotype 


Humangene Study patients Mutations detected Clinical phenotype Ref. 
SOX3 56 3 nucleotide substitutions, no mutations Oligoazoospermia [8] 
FATE 144 4 polymorphisms 2 mutations (1.4%) Random, infertile men [9] 


homolog of this gene is found in the developing gonad 
and brain and, when disrupted, causes hypogonadism 
with loss of germ cells. Mutations in the human FATE 
gene (Xp28) have also been studied in infertile men 
[9]. This gene encodes a polypeptide of 21 kDa that is 
not related to any known proteins. The FATE message 
is testis-specific in fetal life soon after sex determina- 
tion and is co-expressed with SRY in the 7-week-old 
testis. Among 144 randomly chosen infertile men 
and 100 proven fertile men, a study of the FATE gene 
revealed two mutations. Each mutation was found 
only once, and neither was found in the controls. 
Neither affected patient had a karyotype abnormal- 
ity or a Y-chromosome microdeletion. However, in 
one affected patient, a maternal uncle also carried the 
mutation and was fertile. The authors concluded that 
FATE gene mutations may contribute to but are not 
common or important causes of male infertility. 

There is also speculation that the ZFX gene in 
humans, azincfinger protein onthe X chromosome that 
appears to be a transcriptional activator, may function 
in sex differentiation or spermatogenesis. To study this, 
Luoh et al. used a reverse genetic strategy, mutagenized 
the mouse homolog Zfx, and noted organismal effects 
that might suggest a role of this gene in reproduction 
[10]. The Zfx mutant had an impressive decrease in 
primordial germ cell number during the embryonic 
period before testicular differentiation. After birth, 
the mutant mice were smaller, had smaller testes and 
epididymides, and had sperm counts reduced by one- 
half compared to wild-type mice. 


Why does the X chromosome have a 
role in male fertility? 


It is interesting that, at least in mice, a disproportion- 
ate number of male-specific genes are found on the X 
chromosome. Two theories have been offered to explain 
this phenomenon: meiotic drive and sexually antagon- 
istic genes [7]. Compared to autosomes, sex chromo- 
somes may be more susceptible to meiotic drive, in 
which there is preferential transmission of certain alle- 
les to gametes and offspring rather than their homolog, 
in contrast to more random Mendelian patterns. This 
process could skew transmission of X over Y chromo- 
somes, perhaps driven by X-linked genes critical for 
spermatogenesis. Alternatively, the theory of sexually 
antagonistic genes, often invoked to explain why the 
Y chromosome is laden with spermatogenesis genes, 
may also account for an abundance of X-chromosome 
genes. Sexually antagonistic genes might enhance the 
reproductive strength in one sex and diminish it in the 
other, and there is reason to believe that such genes 
might accumulate on the sex chromosomes. If recessive 
mutations exist that enhance male reproductive fitness, 
they would be more likely to have immediate benefit 
for males if located on the X chromosome rather than 
an autosome, thus increasing the chance that the allele 
would permeate the population. Once permeated, 
female “fitness” might decrease and adaptive pressures 
would serve to limit the gene expression to males, thus 
augmenting the number of critical spermatogenesis 
genes on the X chromosome [7]. 
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This scenario is even more complicated when we 
consider that spermatogenesis genes also exist on auto- 
somes. One theory presupposes that autosomal fer- 
tility genes arose as “retrogenes” transposed from the 
X chromosome [11]. Silencing of the X chromosome 
during male meiosis could create a driving force for 
the shift of X-linked genes to autosomes to preserve 
expression of critical genes required for developing 
germ cells. Interestingly, it appears that many such 
“retrogenes” (genes that lack introns in contrast with 
their progenitors) originated from X-linked progeni- 
tor genes and are specifically expressed in the testis 
[11]. The evolution of autosomal, testis-specific retro- 
genes, by the compensation hypothesis, is important in 
that they compensate for the transcriptionally silenced 
X-chromosome genes that participate in spermatogen- 
esis. Corroborating this hypothesis, several retrogenes 
have recently been identified that are autosomally 
located and testis-specific, with an origin from intron- 
containing X-chromosome progenitor genes. The 
X-derived retrogene Jsd is an excellent example. This 
gene causes spermatogonial depletion in mice fol- 
lowing a single postnatal wave of spermatogenesis. 
The homolog retrogene in humans is expressed only 
in the testis [12]. Both as “rescue” genes that explain 
the widely variable phenotype observed in men with 
AZF deletions, and as primary effectors of unexplained 
genetic infertility, X-derived retrogenes are likely to be 
important for normal human spermatogenesis. 


Errors in DNA repair and 
recombination as causes of male 
infertility 

Remarkably little is known about the genetic basis for 
human recombination, a series of events that governs 
proper chromosomal segregation during meiosis on 
one hand, but also allows for genetic variation and 
evolution on the other. What is clear is that human 
recombination occurs at genomic “hotspots,” and that 
large variations in recombination rates occur within 
humans and between species [13]. This section will 
review our evolving knowledge of recombination and 
male infertility. 


The mice papers and DNA mismatch repair 


Defective DNA repair has been associated classically 
with certain hereditary forms of colon cancer, retino- 
blastoma, and skin cancer. For a decade, it has been 
clear that mutations in genes needed for DNA repair 


(PMS2, MIh1) in mice also lead to infertility charac- 
terized by meiotic arrest [14]. We selected a cohort of 
infertile human testes with a histologic “look” (a glo- 
bal maturation arrest pattern) similar to that of the 
mutant mouse model and asked whether there is evi- 
dence of defective DNA mismatch repair similar to 
that found in mice [15]. We analyzed the sequence 
of a polymorphic marker, D19849, in both testis and 
blood DNA from men with normal spermatogenesis 
and those with maturation arrest. With defective DNA 
repair, we expected to see an increased number of 
mutations in DNA sequences from the testes of infer- 
tile men compared to those from controls. After PCR 
of this marker, products were cloned and sequenced. 
Indeed, three out of the six patients with maturation 
arrest had significantly more mutations in testis DNA 
with dinucleotide (microsatellite) repeats than the men 
with obstruction. In addition, the percentage error in 
the sequences (10-25%) was similar to that found in 
Mih1~ mice compared to wild-type mice (14%) [16]. 
Interestingly, no mutations were observed in the blood 
DNA of either group. This provides evidence that cer- 
tain forms of male infertility could involve the inabil- 
ity to properly repair the germline DNA, and this has 
since been confirmed by others [17]. Future research 
on the involvement of specific human DNA repair 
genes in this process will greatly augment our under- 
standing of this genetic pathway in spermatogenesis. 
In addition, the relationship between defective DNA 
repair in infertile men and the risk of cancer among 
their biological offspring certainly merits further 
research. 


Chromosomal recombination in 
spermatogenesis 


Since an obvious source of errors in DNA mismatch 
repair results from the complex events of chromo- 
somal crossing over and synapsis that occur during 
meiosis, we and others have investigated whether there 
are defects in the fidelity of meiotic recombination 
within the germ cells of infertile men. Recombination 
is required both to introduce genetic variation and 
to insure proper chromosome separation during 
meiosis. During meiosis prophase I there is forma- 
tion of a synaptonemal complex (SC, a proteinaceous 
structure), pairing of homologous (maternal and 
paternal) chromosomes, and physical interaction of 
DNA molecules through reciprocal recombination at 
sites of crossing over (chiasmata) between homologs 
[18]. The SC consists of two axial elements that form 
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Fig.8.1. The developmental stages of meiotic prophase | demonstrated by antibody immunofluorescence. Within these spermatocytes, 
antisera were directed against SCP3 (synaptonemal complex protein 3; SCs, red), MLH1 (Mut-L homolog 1; MLH1 foci, yellow), and CREST 
antigens (centromeres, blue). Cells are in the following stages of meiotic prophase: (A) leptotene; (B) early zygotene; (C) late zygotene; (D) 
early pachytene, with arrowhead indicating the sex chromosomes (X and Y); (E) late pachytene, with arrowhead indicating the desynapsed 
sex chromosomes; and (F) diplotene. Magnification x 1000. (From Gonsalves J et al. Defective recombination in infertile men. Hum Mol Genet 
2004, 13: 2875-83, by permission of Oxford University Press.) See color plate section. 


between sister chromatids during leptotene prophase 
(Fig. 8.1a). As homologs get closer, transverse fila- 
ments form between axial elements. MLH1, a DNA 
mismatch repair protein, is thought to be involved 
in recombination between homologs [16,19]; the 
number and distribution of MLH1 foci on the SC in 
male and female mice correspond to the number and 
distribution of crossovers observed genetically and 
cytologically [16,20]. 


Chromosomal recombination in 
azoospermic men 


The failure to form the synaptonemal complex in an 
infertile man with meiotic arrest and azoospermia wasan 
important clue that defective recombination may under- 
lie male infertility [21]. We also reported an association 
between reduced recombination frequencies and infer- 
tility in a cohort of 40 infertile men [22]. Newer, sophis- 
ticated immunofluorescence techniques now allow for 
the accurate study of proteins during meiosis [23] (Fig. 
8.1). The assessment of the synaptonemal complex pro- 
teins SCP1 and SCP3, and other proteins found in late 


recombination nodules suchas MLH1, nowallowssimul- 
taneous analysis of synapsis and meiotic recombination. 
Antibodies to SCP3/SCP1 allow visualization of the axial 
and lateral elements (as the axial elements are called after 
homolog synapsis) and transverse filaments, from the 
beginning of their assembly in early meiosis until their 
disassembly in diplotene prophase. Antibodies to MLH1 
allow us to identify recombination foci on the synaptone- 
mal complex. In our first study using antibody immuno- 
fluoresence, we performed the first comparison ofrecom- 
bination parameters within populations of spermato- 
cytes from infertile (n = 49) and fertile (n = 17) men who 
reported for assisted reproduction [22]. We observed 
that 10% of nonobstructive azoospermic men had sig- 
nificantly lower recombination frequencies than men 
with normal spermatogenesis, a proportion that has 
since been confirmed by other investigators in similar 
studies [24] (Fig. 8.2). Furthermore, when we focused 
on men who had a pathological diagnosis of “matura- 
tion arrest” on biopsy, about half had detectable defects 
in recombination, consistent with our previous find- 
ings on microsatellite instability in these men. In con- 
trast, none of the men with normal spermatogenesis had 
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Fig.8.2. Pachytene spermatocytes from men in (A) control, (B) 
obstructive and (C & D) nonobstructive azoospermia groups. (SCs, 
red; MLH1 foci, yellow; centromeres, blue). The sex chromosomes 
are indicated (arrowheads in A-D). There are several areas of faulty 
recombination noted: the arrow in (B) indicates a chromosomal 
bivalent with incomplete synapsis; the arrow in (C) indicates one of 
only a few SCs in this spermatocyte with any MLH1 foci; the arrow in 
(D) indicates a bivalent with no MLH1 foci in the SC. Magnification 
x 1000. (From Gonsalves J et al. Defective recombination in infertile 
men. Hum Mol Genet 2004, 13: 2875-83, by permission of Oxford 
University Press.) See color plate section. 


defects in recombination. This was considered direct evi- 
dence that defects in recombination are linked to poor 
sperm production in some infertile men. In addition, 
it suggested that severe defects in recombination in men 
are compatible with sperm production; moreover, sperm 
from men with defective recombination are likely to be 
used routinely (without such testing) in assisted repro- 
ductive clinics. 


Characteristics of abnormal recombination 
in male infertility 


Subsequent work with antibody immunofluorescence 
has shed light on other features of the recombination 
pathway in normal and infertile men. In testicular 
biopsies from azoospermic men (obstructive and non- 
obstructive) and controls (non-infertility-related), Sun 
et al. more accurately characterized the recombination 
abnormalities and divided them into two groups: (1) 
abnormalities in the quality of chromosomal pairing 
and (2) variations in recombination frequencies [25]. 
The quality of chromosome pairing was assessed by 
observing gaps (discontinuities) and splits (unpaired 


chromosome regions) in the SCs. Variations in recombi- 
nation were assessed by estimating the number of non- 
exchange SCs (complexes showing no MLH1 foci) and 
recombination frequencies (the mean number of MLH1 
foci per cell at the pachytene stage). Among measures 
of chromosomal pairing quality, there were no signifi- 
cant differences among the three groups of men. In fact, 
SC gaps (35-45% of SCs) and splits (7.5% in controls) 
were detected in all groups. Splits or unpaired chromo- 
somal areas tended to occur more often in obstructive 
and nonobstructive azoospermic men than in controls. 
Non-exchange SCs were rare in all groups. In the second 
category, they observed highly significant differences 
in recombination frequency between controls (mean 
48 + 4.7 MLH1 foci per pachytene spermatocyte) and 
men with both obstructive (46.3 + 6.3 MLH1 foci) and 
nonobstructive azoospermia (40.4 + 6.1 MLH1 foci). 
Finally, regarding SCs that completely lack any MLH1 
foci, there was a significant difference between controls 
and men with nonobstructive azoospermia. Thus, by 
refining the analysis of the particular recombination 
abnormalities in infertile men, this study confirmed 
that there may be decreased chromosomal pairing 
quality as well as recombination frequencies in men 
with nonobstructive azoospermia. 


Variations in recombination in normal 
spermatogenesis 


Variations in recombination have implications for 
sperm aneuploidy, since reduced recombination fre- 
quency and alterations in crossover position are risk 
factors for human nondisjunction. Documentation of 
the normal variability in recombination, therefore, 
is a prerequisite for the understanding of changes 
observed in abnormal situations, such as nondis- 
junction ora chromosome rearrangement. To further 
define the distribution of recombination foci in normal 
germ cells, we investigated the variability in recombi- 
nation foci across all chromosomes in men with nor- 
mal spermatogenesis [26]. Recombination maps for 
individual chromosomes were examined with antibody 
immunofluorescence, and individual chromosomes 
were identified with centromere-specific multicolor 
FISH (cenM-FISH) (Fig. 8.3). Significant heteroge- 
neity in MLH1 focus frequency across donors was 
observed for larger chromosome arms. Moreover, 
significant inter-individual variation in overall 
recombination frequency per cell was also found. 
Interestingly, a significant inverse correlation was also 
observed between mean autosomal cell MLH1 focus 
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Fig.8.3. (Upper) Human pachytene spermatocyte with SCs 
shown in red, centromeres in blue, and MLH1 foci in yellow. (Lower) 
Subsequent cenM-FISH analysis allows identification of individual 
chromosomes so that recombination (MLH1) foci can be analyzed 
for each SC on each chromosome. (From Sun F etal. Variation in 
MLH1 distribution in recombination maps for individual chromo- 
somes from human males. Hum Mol Genet 2006; 15: 2376-91, by 
permission of Oxford University Press.) See color plate section. 


frequencies and advancing male age. This has also been 
shown in oocytes from mice and hamsters. Important 
for mapping and identifying diseases, this knowledge 
can also inform our exploration of the chromosomal 
effects of recombination in various patterns and pro- 
vide clues to the sources of variation. 


A closer look at the phenomenon of non-exchange 
SCs, or chromosomes without any recombination 
nodules, has been undertaken in men with normal 
spermatogenesis [27]. This work has also revealed 
important clinical implications. Using FISH with 
immunofluorescence in 10 normal men showed that 
chromosomes 21 (2.1%) and 22 (1.7%) had a signifi- 
cantly higher proportion of non-exchange SCs than 
chromosomes 11-20. However, the sex chromosomes 
were affected with a much higher frequency (27%) 
than any autosome. Thus it appears that G-group, 
as well as sex chromosomes, are most susceptible to 
having no recombination foci and thus are more sus- 
ceptible to nondisjunction during spermatogenesis. 
This observation is consistent with the findings from 
sperm karyotyping and FISH analyses that show that 
chromosomes 21, 22, and the sex chromosomes have 
significantly increased frequencies of aneuploidy 
compared to other autosomes. 


Proteins involved with recombination 


Our understanding of recombination and male infertil- 
ity has been further broadened by the study of specific 
meiotic proteins involved in this process. The temporal 
progression and localization of five meiotic proteins in 
human recombination (RAD51, RPA, MSH4, MLH1, 
and MLH3) have recently been reported [28]. The 
observation of precise protein colocalization patterns 
within recombination foci at different times in normal 
germ cells implies that specific interactions exist dur- 
ing meiosis. In addition, the marked persistence of 
MSH4 protein within recombination foci, unlike the 
temporal waxing and waning of other proteins, shows 
that it not only may initialize, but also may remain 
active to stabilize and maintain critical foci of recom- 
bination throughout this critical time in prophase of 
human germ cells. In summary, recent research on 
DNA mismatch repair and recombination has been 
extremely fruitful in defining specific abnormalities 
associated with testis failure in a significant proportion 
of men with previously unexplained infertility. 


The sperm transcriptome and 
male infertility 


Routine semen parameters exhibit notoriously wide 
variability and, in general, correlate poorly with fertil- 
ity. This has suggested to researchers that oligogenic 
and polygenic modifiers (rather than single gene 
mutations) may describe the bulk of genetic male 
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infertility. This has led to several interesting investiga- 
tions of the sperm transcriptome. We have investigated 
the idea that “genetic signatures” can be developed from 
testis biopsies with cDNA microarrays [29]. Beginning 
by comparing the human gene expression patterns 
from normal versus Sertoli-cell-only testis with cDNA 
arrays (CDNA subtraction), we identified genes either 
up- or down-regulated significantly relative to normal. 
Analysis of these genes produced a subset of 689 genes 
that were mined for function and relevant homologs. 
From this pool, we identified 10 genes and constructed 
a “working” gene set to predict spermatogenic stage on 
biopsy. Testing this gene set with testis biopsies from 
infertile men showed a good correlation with routine 
histology. Most exciting, however, is the potential for 
genetic diagnostics to be far more informative than 
histology. Examples include the ability of genetic ana- 
lysis to delineate with higher resolution than routine 
histology the presence of germ cells in testis biopsies 
and the ability to examine gene expression profiles in 
toxicology studies. 


RNA transcription in spermatogenesis and 
RNA in sperm 


Sperm classically have been viewed as being 
transcriptionally dormant. RNAs needed for sper- 
miogenesis were thought to be made in early sperma- 
togenesis and considered “left over” in mature sperm, 
playing no role during fertilization and beyond. This 
theory has now been called into question since the 
molecular genetic “fingerprint” of normal sperm 
has been investigated with cDNA microarrays [30]. 
In this work, the cDNAs from histologically normal 
testes, and pooled (n = 9 men) and single ejaculates 
from normal men with proven fertility were hybrid- 
ized toa 30 K cDNA microarray to determine (1) which 
mRNAs are contained in sperm and (2) what associa- 
tion exists between testicular and ejaculated sperm 
genetic fingerprints. 

In this study, 7157 unique ESTs (expressed sequence 
tags) were identified from the testes probe. When the 
pooled-ejaculate RNA or single-ejaculate RNAs were 
used as probes, 3281 and 2780 ESTs were identified, 
respectively. Additionally, all of the pooled- and sin- 
gle-ejaculate RNAs were contained within the larger 
population of ESTs identified in testis tissue. This high 
concordance between normal testis and ejaculated 
sperm supports the view that sperm RNAs may be 
used to monitor past events of genetic expression 
during spermatogenesis. Additional data mining 


of the “ejaculated sperm ESTs revealed that contrary 
to earlier belief the detected RNAs reflected activity 
throughout the process of spermatogenesis.” 


The meaning of mRNA and sperm 


Further research on complex sperm RNAs has led 
investigators to conclude that they are important to 
the overall paternal contribution to post-fertilization 
events in the early embyo [31]. In addition, given the 
wide heterogeneity of RNA in the sperm, it is conceiv- 
able that small interfering RNAs (siRNAs) exist among 
those transmitted tothe oocyteat fertilization and may be 
responsible for aheretofore unrecognized level of genetic 
control as early imprints are established in the embryo 
[32]. Most recently, a study compared sperm RNAs from 
normal and infertile men in an attempt to develop a non- 
invasive diagnostic tool for identifying germline muta- 
tions in candidate infertility-associated genes [33]. With 
over 90% efficiency, germ-cell-expressed genes could be 
traced from men with a wide range of ejaculated sperm 
concentrations. Among 270 severely oligospermic men 
(< 1 million sperm/mL) and 394 controls, two of the 
oligospermic men and none of the controls exhibited 
KLHL10 missense mutations that were clinically sug- 
gestive ofa functional deficiency. Importantly, this study 
demonstrated the utility of this approach for the analysis 
of germ-cell-expressed genes that regulate sperm matu- 
ration, motility, and, possibly, fertilization. Diagnostic 
testing of sperm with these molecular genetic techniques 
has wide therapeutic implications for male reproductive 
medicine. 


Insights into spermatogenesis from 
embryonic stem cell research 


Until recently, it has not been possible to examine 
human germ cell development in vivo, for obvious 
ethical reasons. However, with the advent of human 
embryonic stem cell (hESC) technology, the study of 
early embryonic development, including the “birth” of 
germ cells, is now possible. Several exciting revelations 
from this research are described below. 


Where do germ cells come from? 


During human fetal development, hESCs from the 
inner cell mass of the embryo develop into primordial 
germ cells (PGCs). After migrating into the gonadal 
ridge, PGCs enter the fetal gonad as undifferentiated 
gonocytes, which replicate mitotically until puberty. At 
puberty, gonocytes become spermatogonia and either 
self-renew or differentiate into sperm. The type A 
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Fig. 8.5. Current understanding of embryonic stem cell derivation from animal models. Embryonic stem cells from blastocysts can 
differentiate into three germ layers, make chimeras and teratomas, and differentiate into sperm. Spermatogonial stem cells from neonatal 
and adult mouse testis can also form germline stem cells with similar properties. 


spermatogonia is the adult stem cell in the testicle. 
Recently, human gene expression markers have been 
discovered that characterize these stages of develop- 
ment, and some of these are outlined in Figure 8.4. 
Interestingly, it has been observed that undifferenti- 
ated hESC lines actually express early or premeiotic 
germ cell markers (in the form of both RNA and pro- 
teins), but not later postmeiotic markers [34,35]. This 
suggests that hESCs are very closely related to PGCs 
and that the germ cell lineage is one of the first line- 
ages to form from hESCs, certainly occurring before 
hESC differentiation to the intermediate precursors of 
ectoderm, mesoderm, or endoderm in the developing 
embryo. 


How are germ cells similar to embryonic 
stem cells? 


The close relationship between human hESCs and 
early, dedicated germ cells in the form of PGCs has 
major implications for our understanding of germ cell 
developmental potential. Indeed, both hESC and early 
germ cell lines (embryonic germ cells) derived from 
human PGCs are pluripotent, able to self-renew, and 
can form all major somatic lineages [36]. This sug- 
gests that the potential of human PGCs in the devel- 
oping human gonad is not strictly limited to the 
germ cell lineage, but may in fact have a development 
potential similar to hESCs. Although this has not 
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been convincingly demonstrated in humans, there is 
provocative evidence from mice models that this is 
true. In fact, the capacity for pluripotency has been 
demonstrated with germ cells derived from both the 
neonatal and adult mouse testis [37,38]. When cul- 
tured in vitro, under stem cell conditions, it has been 
observed that testis cells, likely spermatogonia, acquire 
properties similar to ESCs (Fig. 8.5). These cells have 
been differentiated into various somatic lineages, form 
chimeras when injected into developing blastocysts, 
and make teratomas when injected into nude mice. 
This provocative research raises the possibility that 
pluripotency may exist in the germline of adult men, 
and that the testis may be a valuable source of patient- 
specific “embryonic-like” stem cells for cell-based stem 
cell therapy in the future without the need for embryo 
manipulation. 


Conclusions 


The goal of this chapter was to show how develop- 
ments in genomic medicine will likely explain much of 
what we currently view as unexplained male infertility. 
The increasing importance of the human X chromo- 
some as a source of spermatogenesis genes will open 
the door for new diagnostic tests. The understanding 
that faulty recombination occurs in male infertility 
has wide implications not only for the explanation of 
the infertility but also for the use of affected gametes. 
Finally, our growing knowledge of the close relation- 
ship between germ cells and stem cells, and the success- 
ful manipulation of these cells in vitro, has tremendous 
implications not only for the treatment and cure of 
male infertility but also for a host of other medical dis- 
eases in the future. 
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Introduction 


This chapter is dedicated to the elucidation of the cur- 
rent understanding of the fundamental principles 
involved in erection, emission, and ejaculation. 


Concept of penile erection 


The penis as the external genitalia in the male harbors 
the erectile tissue, which has the elasticity to generate 
tumescence by storing blood and become rigid. The 
achievement of a natural penile erection is the result of 
a complex cascade, including neurologic and hemody- 
namic events under psychological control, resulting in 
a firm enlargement of the penis. The unique anatomical 
particulars allow the penis to expand significantly dur- 
ing the erectile process. 


Anatomical fundamentals of the penis 


Anatomically the penis is built by paired crura forming 
the corpora cavernosa and by the bulb containing the 
urethra and becoming the corpus spongiosum, which 
is expanded at the tip to the glans. At the base of the 
penis the corpora cavernosa are covered by the ischio- 
cavernosus muscles, and the corpus spongiosum is sur- 
rounded by the bulbocavernosus muscle. Innervated 
by the pudendal nerve, the contractions of the ischio- 
cavernosus muscles enhance penile rigidity, and con- 
tractions of the bulbospongiosus muscles are involved 
in the expulsion of semen. Several layers wrap around 
the penile structures, starting with the skin from the 
outside followed by the Dartos fascia and Buck’s fascia 
and lastly the tunica albuginea, which surrounds both 
corpora cavernosa with an outer longitudinal layer and 
wraps each corpus individually with an inner circular 
layer of tissue. 


Arterial blood supply 
The blood supply to the penis can be divided into a dor- 
sal superficial and a central deep (cavernosal) arterial 
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system that are generally derived from the internal iliac 
system, specifically the internal pudendal artery, which 
gives off a perineal branch and continues as the penile 
artery. Considerable variations of this most common 
arterial supply will be found in distinctive patients. 
Additional blood supply may also be found in the form 
of accessory pudendal arteries provided by the internal 
iliac, external iliac, or obturator arteries. Before divid- 
ing into the subfascial dorsal artery and central cav- 
ernosal arteries, the internal pudendal artery sends 
arterial branches to the posterior scrotum and to the 
bulbous urethra. The main neurovascular bundle, 
including the deep dorsal vein, laterally flanked by 
the paired dorsal penis arteries and then the dorsal 
nerves, runs along the dorsum of the penis. Circumflex 
branches of the dorsal penis arteries run around the 
penis. Usually there are communications between the 
dorsal and the deep arterial system. The deep penile 
arteries enter the crura cavernosa and stream on both 
sides centrally within the corpora cavernosa forming 
two sorts of terminal branches. The coiled helicine 
arteries directly supply the sinusoidal spaces, and the 
few smaller arteries travel between the trabeculae. In 
the flaccid state, the trabecular arteries keep the main 
arterial flow. During erection, the sinusoidal spaces are 
filled by blood supplied via the helicine arterioles. 


Venous drainage 

Subtunical venous plexuses collect blood from the 
sinusoidal spaces leading into emissary veins, which 
pierce the tunica albuginea. Emissary veins drain into 
spongiosal veins, circumflex veins, or directly into the 
deep dorsal vein and further proximally into cavern- 
osal and crural veins ending in the internal pudendal 
vein. The retrocoronal plexus drains the glans penis 
into the deep dorsal vein, which also collects the blood 
from the bulbar veins and from the corpus spongiosum 
via circumflex veins from the spongiosal vein. The deep 
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dorsal vein travels along the midline between the neu- 
rovascular bundles, finally entering the periprostatic 
venous plexus. Via the superficial dorsal venous com- 
plex the skin and the subcutaneous tissue of the penis 
are drained into the saphenous vein. 


Erectile function 


Erectile function is the capability of the erectile tis- 
sue to store blood under expansion of the penis and 
to maintain the erection, allowing satisfactory sexual 
performance. 

The erectile tissue in the corpora cavernosa sur- 
rounded by the tunica albuginea is essentially a vas- 
cular structure which appears as a spongiose tissue 
acting like a hydraulic device. Trabecular structures 
composed by collagen, elastin, blood vessels, and 
nerves contain smooth-muscle cells that form the 
sinusoidal spaces. The sinusoids are lined by endothe- 
lium. The endothelium is a key regulator of vascular 
physiology and has a fundamental role in the process 
of erection. In fact, this is founded in the belief that 
diseases in which endothelial dysfunction develops, 
such as in atherosclerosis, diabetes mellitus, hyperten- 
sion, and hypercholesterolemia, are associated with a 
high prevalence of erectile dysfunction (ED). Helicine 
branches of the deep penile arteries are responsible 
for the filling. Humoral factors, neuronal transmit- 
ters, and local mediators are involved in the control of 
smooth-muscle tone determining arterial inflow and 
sinusoidal capacitance. 

Terminal endings of the cavernous nerves and 
endothelial cells, which line the cavernosal sinusoids, 
release erectogenic neurotransmitters. Nitric oxide 
(NO) is believed to be the main vasoactive nonadren- 
ergic, noncholinergic (NANC) neurotransmitter and 
chemical mediator of penile erection [1]. The smooth- 
muscle tone depends on the intracellular concentra- 
tion of free calcium and the sensitivity of the contractile 
apparatus to calcium. With the relaxation of the intra- 
cavernosal sinusoids a rising blood inflow fills the cor- 
pora cavernosa followed by an expansion of sinusoidal 
spaces and volumetric augmentation. The inflatability 
of the corpora is limited by the surrounding tunica 
albuginea, which limits the growth of diameter and 
length under full expansion. Under the extension of the 
lacunar spaces following the increasing blood inflow, 
subtunical and emissary veins become compressed and 
the blood is trapped in the corpora cavernosa because 
of a reduced venous outflow, which is known as the 
veno-occlusive mechanism. Usually after orgasm, 


there is a release of noradrenaline by adrenergic fib- 
ers mediating smooth-muscle contraction that leads to 
penile detumescence. 


Erectile hemodynamics 


The penile erection is principally a vascular event 
balanced by the arterial inflow and venous outflow 
mediated through smooth-muscle tone. Our cur- 
rent understanding of penile hemodynamics during 
erections is essentially influenced by extensive vascu- 
lar studies by Lue et al. in the 1980s, who concluded 
that erection depends on increased arterial inflow, 
increased venous resistance, and relaxation of the cav- 
ernous smooth muscles [2]. Relaxation of the smooth 
muscle and the arterial inflow are actively mediated 
events, though the decreased venous outflow appears 
to bea passive process, secondary to the veno-occlusive 
mechanism by enlarged pressure and volume within 
the lacunar cavernosal sinusoids. In the flaccid state of 
the penis, which is dominated by the adrenergic tone 
of the smooth muscles under the influence of the sym- 
pathetic part of the autonomic nervous system, the 
arterial flow is low, based on the constricted arterioles 
and the contracted cavernosal smooth muscles. In this 
condition the arterial inflow is usually less than 15 cm/s 
and the blood gases taken from the sinusoids are simi- 
lar to those of venous blood (20-40 mmHg PO.) [3]. 
Under parasympathetic (NANC) influence, andthe 
consequent reduction in adrenergic tone, tumescence 
occurs following arteriolar dilation and trabecular 
smooth-muscle relaxation. In the filling phase arterial 
inflow rises, typically reaching velocities greater than 
30 cm/s, followed by the tumescent phase in which 
the penis expands to its maximal capacity and the 
compression of the subtunical venules begins. In this 
phase the intracavernosal pressure increases, reach- 
ing diastolic blood-pressure levels. Filling continues 
only during the systolic phase. At a full erection the 
intracavernosal pressure climbs to values of around 
90% of systolic blood pressure and above. At this time 
the blood gas tensions are similar to those of arterial 
blood (90-100 mmHg PO,) [3]. Under the contrac- 
tion of the ischiocavernosus muscles the penile crura 
are compressed and the intracavernosal pressure raises 
levels above the systolic blood pressure and the penis 
becomes fully rigid. Contraction of the ischiocaverno- 
sus muscle may be achieved willingly but also happens 
under the influence of the bulbocavernosus reflex, 
which when activated maintains rigidity during pene- 
tration. The contraction of the bulbocavernosus muscle 
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reinforces glans erection. The emissary veins are com- 
pletely closed by the veno-occlusive mechanism and 
the arterial inflow concludes. Preserving circulation 
in the cavernosal tissue, the intracavernosal pressure 
falls intermittently back to those levels below the sys- 
tolic pressure. Once orgasm is reached or the sexual 
stimulus is terminated, the erectile transmission ceases 
and anti-erectile neurotransmission takes over. In the 
detumescence phase the sympathetic stimulation leads 
to a fall in arterial inflow and consequently to a drop 
in intracavernosal pressure. The helicine arterioles 
constrict and the trabecular smooth muscles contract, 
leading to reduced compression of the subtunical veins 
and increased venous outflow that brings the penis 
back into a flaccid state dominated by a noradrenergic 
influence of the smooth muscles . 


Neurological control of erection 


The neurophysiological control of the erectile process 
is under the influence of central and peripheral pro- 
cesses. At least three kinds of erection can be distin- 
guished in man: central, reflexogenic, and nocturnal 
types. The initial origin in central erections is located 
in the supraspinal centers and moves along the spi- 
nal cord and the cavernous nerves to the erectile tis- 
sue. The pathway that is responsible for reflexogenic 
erections plays an important role in maintaining an 
erection during stimulation by continuing neuronal 
activation. During mechanical stimulation of the dor- 
sal nerve, signals in the lumbosacral cord are returned 
via parasympathetic fibers back to the corporeal tis- 
sue. The occurrence of nocturnal erections is not fully 
understood yet. But nocturnal penile tumescence is a 
robust physiologic phenomenon in all normal healthy 
males, and occurs several times during the night dur- 
ing rapid eye movement (REM) sleep [4]. Sleep-related 
tumescence testing has been used to differentiate psy- 
chogenic from organic impotence. Such nocturnal 
erections have been postulated to represent a spon- 
taneous mechanism for repeated oxygenation of the 
erectile tissue during the erection at night [5]. 


Central control 

Despite ongoing efforts, at present we know little about 
underlying central control mechanisms, and what 
we know is based mainly on experimental studies in 
animals [6]. Sexual inspirations accomplished by all 
human senses will be processed within central cent- 
ers of the brain including the limbic system, cortical 
centers, and the hypothalamus, all of which seem to be 
involved in influencing the erectile process. 


The limbic system, which counts as the anatomical 
equivalent for emotions located in the prefrontal cor- 
tex, interacts with the hypothalamus, which appears 
to be the central integration locus for erectile stimuli. 
Within the hypothalamus, the two most important 
regions involved in the erectile regulation are the 
paraventricular nucleus (PVN), implicated in the 
processing of erectile stimuli, and the medial preoptic 
area (MPOA), crucial for the display of sexual behav- 
ior, especially copulatory activities [7,8]. In addition, 
the nucleus paragigantocellularis located in the pons 
seems to support anti-erectile sympathetic pregangli- 
onic neurons via a serotonergic projection, which can 
be abolished upon sexual arousal by projections from 
the PVN. The central regulation of erectile function is 
very complex, and a number of neurotransmitters are 
involved in central pathways. The dopaminergic sys- 
tem, which appears to play a key role, currently is the 
focus of the pharmaceutical industry. That the PVN is 
under the innervation of dopaminergic neurons and 
includes pro-erectile neurons is supported by the report 
of induced penile erections in rats with dopaminergic 
agonists, glutamatergic agonists, or oxytocin and elec- 
trical stimulations [9]. From these areas, also includ- 
ing the nucleus accumbens, which is devoted to sexual 
motivation, pro-erectile fibers descend along the spinal 
cord to the sacral preganglionic neurons and increase 
the parasympathetic outflow. Several central trans- 
mitters and peptides shown to be involved in erectile 
modulation include dopamine, acetylcholine, NO, oxy- 
tocin, adrenocorticotropic/a-melanocyte-stimulating 
hormone in an assistant role, encephalins and 
noradrenaline in an inhibitory role, and serotonin in 
either a supportive or a preventive erectile role. Within 
the hypothalamus a number of neurotransmitters bal- 
ance pro- and anti-erectile signals. Table 9.1 represents 
an overview of centrally acting neurotransmitter and 
peptides. Under sexual arousal an imbalance involv- 
ing increased pro-erectile action and decreased anti- 
erectile pattern lead to a proper erectile function. 


Peripheral control 

The central areas are connected with centers from the 
autonomic nerve system located in the spinal cord, 
from which signals reach the penis and vice versa by 
sensitive afferences from the genitalia (Fig. 9.1). The 
pro-erectile sacral parasympathetic nuclei, which are 
located in the spinal cord, arise from $2-S4 segments, 
where the preganglionic parasympathetic neurons can 
be found in the intermediolateral cell column of the 
spinal cord. Along the pelvic nerve, parasympathetic 
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Table 9.1. Centrally acting neurotransmitters 


Neurotransmitter 


Dopamine 


NO 
a-MSA 


ACTH 
Opioids 


GABA 


Noradrenaline 


Glutamate 


Serotonin 


(5-hydroxytryptamine, 


5-HT) 
Oxytocin 


i 
i 

i 

1 

i 

' 

i 

' Contraction of vas, 
' seminal vesicles, 

' and prostate 

i 

i 

' 

i 

i 

' 

i 

i 

1 


Contraction of 
bladder neck 


Pas »i | Vasoconstriction _| : 


Special sensory and 


psychic stimuli 


Receptor 


D, and D, D, 


Melanocortin 
(MC) 1-5 


Unknown 
Opioid u 
GABA , 
GABA , 


oi 


5-HT. 


2C 


Locus of action 


PVN Spinal cord 


PV 
PV 


PV 
PV 


POA Spinal cord 


Brain/spinal cord 
Brain 


Hypothalamus 


Spinal cord 
Spinal cord 


Spinal cord 


Contraction of 
pelvic floor muscles 


f 
i 

| Detumescence 

: 


Effects on 
erection 
Pro-erectile 


Pro-erectile 


Pro-erectile 


Pro-erectile 


Anti-erectile 


Anti-erectile 


Anti-erectile 


Pro-erectile 


Anti-erectile 
Pro-erectile 


Pro-erectile 


Cerebral cortex 


(interhemispheric tissue) 


Nonadrenergic 
noncholinergic neural and 
endothelial-derived 
mediators 


Tactile stimuli 


Urethral sensory 
stimuli 


Comments 


D, receptors are probably 
predominant in the hypothalamus 


Involved in oxytocinergic pathway 


Involved in oxytocinergic pathway 


Involved in oxytocinergic pathway 


Mediating an oxytocinergic 
mechanism 


a,-antagonists have improved 
erections 


NO involving activation of 
descending oxytocinergic pathways 


Omnipresent within the CNS, mainly 
anti-erectile 


Fig.9.1. Peripheral control of erection. This illustration highlights the complexity of the erectile control mechanisms at the peripheral level. 


axons pass to the pelvic plexus, and after synaptic 
transfer to the postganglionic neurons, axons lead the 
signals along the cavernous nerve to the erectile tissue. 
That the paired cavernous nerves are essential neuronal 


structures embedded in the physiological erectile pro- 
cess is emphasized by the fact that electrical stimula- 
tion of the cavernous nerve induces penile erection, 
and injury of the cavernous nerve leads to changes in 
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erectile function and structural changes in the erectile 
tissue [10]. 

The sympathetic influence is responsible for the 
basal anti-erectile tone present in the flaccid state of 
the penis [11]. The sympathetic nuclei are located in 
the intermediolateral cell column and the dorsal gray 
commissure at the thoracolumbar level of the spinal 
cord where the preganglionic sympathetic axons arise 
from the thoracolumbar T11-L2 segments. After 
joining the sympathetic paravertebral chain ganglia 
some of the axons travel along the lumbar splanchnic 
nerves to the inferior mesenteric and superior hypo- 
gastric plexus and reach the pelvic plexus. After syn- 
aptic communication the postganglionic neuron fibers 
travel in the cavernous nerves. Through the paraverte- 
bral sympathetic chain, sympathetic axons also reach 
sacral ganglia, and, after synaptic shifting, postgangli- 
onic axons join the pudendal nerves. The pudendal 
nerves are also collecting fibers of motoneurons arising 
from the dorsolateral and dorsomedial nuclei located 
in the ventral horn of the sacral spinal cord innervating 
the ischiocavernosus and bulbospongiosus muscles. 
Almost all sensory afferent information originating in 
the penis is collected by the dorsal nerve of the penis, 
which joins the pudendal nerves to the sacral segments 
$2-S4, at their origin. 


Local control 

Terminal nerve endings, the vascular endothelium, 
and smooth-muscle cells are the fundamental protago- 
nists in the local control of the erectile process. A com- 
plex interplay of circulating humoral, neuronal, and 
local factors influences the arteriolar and trabecular 
response, both determined by the tone of the smooth 
muscles, which is balanced between contractile and 
relaxant factors. In general a principal stimulus via a 
membrane-bound receptor or a cytoplasmic protein 
translates into the production of an intracellular mes- 
senger that leads to changes in intracellular calcium 
(Ca) concentration and finally results in changes in the 
smooth-muscle tone. 

Undisputedly, smooth muscles are a central struc- 
ture in the erectile process. The smooth-muscle tone 
is dependent on the intracellular Ca ion concentra- 
tion, contracting in response to a rise in intracellular 
Ca ion concentration and relaxing according to an 
intracellular Ca concentration fall. Along a concentra- 
tion gradient between the extracellular environment 
and the smooth-muscle cell, Ca tends to get into the 
cell when Ca channels in the cellular membrane are 
open. Also the sarcoplasmic reticulum and the nucleus 


can contribute to an increase in intracellular Ca con- 
centration by Ca release. Among several different Ca 
channels, the L-type appears to be the most import- 
ant in the smooth-muscle cell. Among a number of 
causes, the opening of the Ca channels depends on the 
membrane potential of the smooth-muscle cell and the 
phosphorylation of the channels. 

Most of the time the penis is kept in a flaccid state 
under the influence of a-adrenergic tone through a 
tonic noradrenaline release from sympathetic nerves 
that maintain a penile arterial and corporeal smooth- 
muscle contraction via an a,-receptor-mediated 
increase in intracellular Ca concentration [12]. This 
seemingly plausible explanation is supported by the 
findings that the density of a-adrenoceptors is 10 times 
higher than that of B-adrenoceptors in the human 
corpus cavernosum [13]. The anti-erectile influence 
of noradrenaline, tonically released from sympa- 
thetic nerve terminals, is an example of a membrane- 
bound adrenergic-receptor-mediated effect. The 
a,-adrenoceptors appear to be most important in tra- 
becular smooth-muscle tone, where the stimulation 
leads to smooth-muscle contraction, whereas both 
a,- and a,-adrenoceptors are important in the arteri- 
olar smooth muscle. Prejunctional a,-adrenoceptor 
stimulation results in an inhibition of a vasodilatory 
neurotransmitter release. When noradrenaline binds 
to the a,-receptor of the cell, it increases the activity 
of the membrane-bound enzyme phospholipase C, 
which converts phosphatidylinositol 4,5-biphosphate 
to the active second messengers inositol 1,4,5-triphos- 
phate (IP,) and diacylglycerol (DAG). IP, binds on the 
IP, receptor on the endoplasmic reticulum, liberating 
Ca ions into the cytosol. DAG stimulates the enzyme 
protein kinase C and causes an opening of L-type Ca 
channels, leading to a rise in intracellular Ca ion con- 
centration, and also triggers the closing of potassium 
channels. The rise in cytoplasmic calcium concentra- 
tion initiates the contractile process of the smooth mus- 
cles and keeps the penis in a flaccid state. The increase 
in intracellular Ca ion concentration ([Ca]i) is transi- 
ent and returns to near basal levels despite the fact that 
the constrictor activity is still present. The [Cali leads 
to an activation of calcium/calmodulin-dependent 
myosin light chain kinase (MLCK). The activated 
MLCK phosphorylates the myosin light chain and ini- 
tiates smooth-muscle contraction [14]. 

Lately, an additional pathway has been proposed 
that induces smooth-muscle contraction by increased 
Ca sensitivity via G-protein-coupled receptor activa- 
tion under noradrenergic influence without changing 
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the cytoplasmic Ca ion concentration [15]. This mech- 
anism involves RhoA, a monomeric G-protein that 
activates Rho-kinase, which in turn inhibits the regu- 
latory subunit of smooth-muscle myosin phosphatase 
(SMPP-1M). The inhibition of the SMPP-1M prevents 
the dephosphorylation of myofilaments and increases 
the sensitization of the myofilaments to intracellular 
basal Ca ion concentration in favor of smooth-muscle 
contraction [15]. It is believed that once the [Cali 
returns to basal levels after a transient initiation, the 
calcium-sensitizing pathways take over to maintain the 
contractile smooth-muscle tone [16]. 

Nitric oxide (NO) and the NO-cGMP pathway 
appear to be the most influential pro-erectile neuro- 
transmitter and pathway in smooth-muscle relaxation 
[17]. Recent studies also documented that NO plays a 
role in central regions, such as the PVN, in control of 
penile erection and sexual activity [18]. NO is a free 
radical, has a half-life of only approximately 5 seconds, 
and is synthesized from L-arginine and molecular oxy- 
gen by the enzyme nitric oxide synthase (NOS), pro- 
ducing NO and 1-citrulline. Three distinct isoforms 
of NOS have been identified. The neuronal (nNOS) 
is present in the cytoplasm of nerve endings, and the 
endothelial (eNOS) is mainly membrane-bound in 
endothelial cells, including penile blood vessels and 
trabecular tissue [19]. Both isoforms require calcium 
and calmodulin for activity. The third inducible isoform 
(iNOS) is calcium-independent, induced by inflam- 
matory mediators, and under physiological conditions 
not expressed in the penis. NO is released both directly 
from parasympathetic nerve terminals which contain 
nNOS following cholinergic stimulation, and from 
vascular endothelium containing eNOS. Endothelium- 
derived-NO release can be achieved by acetylcholine 
via postganglionic cholinergic nerves [20], by shear 
stress via protein kinase Akt activation [21], and also 
by triggering NO production via bradykinin and oxy- 
gen. NO derived from nNOS in the nitrergic nerves 
appears to be responsible for the initiation and major 
portion of the smooth-muscle relaxation, whereas NO 
from eNOS contributes to the maintenance of the erec- 
tion. Based on its lipophilic character, NO is able to 
penetrate the cellular membrane of the smooth-muscle 
cell and stimulate the enzyme guanylate cyclase, which 
converts guanosine triphosphate (GTP) to cyclic gua- 
nosine monophosphate (cGMP), the active second 
messenger. Cyclic GMP stimulates the enzyme pro- 
tein kinase G, which prompts the closure of L-type Ca 
channels and opening of potassium channels. Both 
effects result in pro-erectile smooth-muscle relaxation. 


The active second messenger cGMP is converted to 
an inactive GMP by the enzyme phosphodiesterase, 
which will be highlighted in detail below. As men- 
tioned before, membrane potential, which depends 
on the relation of ion concentration inside and outside 
the cell, is an important modulator of the Ca channel 
status. Alterations in the activity of potassium chan- 
nels, maxi-K and K Aap channels in particular as the 
most important in smooth-muscle cells, highly influ- 
ence changes in the membrane potential. An opening 
of these potassium channels, which can be achieved 
by cGMP-dependent protein kinase, cGMP itself, and 
cyclic adenosine monophosphate (cAMP)-dependent 
protein kinase A, causes hyperpolarization and relaxa- 
tion of smooth-muscle cells. 

During an erection the smooth-muscle entirety 
works as a functional unit communicating through 
gap junctions between the smooth-muscle cells. 
These connexin-containing connections between 
individual cells allow second messengers such as 
cAMP and cGMP and intracellular ions such as 
potassium and calcium to transmit undisturbed from 
cell to cell and to provide the entire tissue with the same 
information [22]. The penile erectile tissue is able to act 
like a so-called functional syncytium. 

Recent observations suggest that the interaction 
between the pro-erectile nitrergic pathway and the 
anti-erectile noradrenergic mechanism takes place 
on the cellular level inside the smooth muscle [23]. 
Cyclic GMP as the second messenger of the nitrergic 
pathway activates a G-kinase, which interrelates with 
the noradrenergic pathway by phosphorylating a regu- 
latory protein called IRAG (IP,-receptor-associated 
G-kinase substrate) associated with the IP, receptor 
[24]. The G-kinase-mediated IRAG phosphorylation 
closes the IP, receptor and thus prevents the noradren- 
ergic- mediated increase in cytoplasmic Ca ion con- 
centration. This may explain how the nitrergic system 
supersedes the noradrenergic system during erection. 
Furthermore, this also offers a possible explanation of 
a pathophysiological aspect of the development of ED. 
Thus an insufficient NO-cGMP pathway results in a 
predominance of the noradrenergic pathway [25]. 

In penile expansion, nitric oxide (NO) appears to be 
the dominant mediator of smooth-muscle relaxation 
[1]. But it is becoming increasingly apparent that in the 
complex process of erection there must be a number 
of mediators involving smooth-muscle contraction 
and relaxation that interact in a number of pathways 
taking place in different locations. Also important fac- 
tors in smooth-muscle relaxation are acetylcholine 
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Table 9.2. Factors impacting on smooth-muscle tone 
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Contractile Relaxant 
Neuronal Noradrenaline Nitric oxide (NO) 
Neuropeptide Y (NPY) Acetylcholine (Ach) 
Vasoactive intestinal polypeptide (VIP) 
Calcitonin gene-related peptide (CGRP) 
Local Endothelin | Nitric oxide 
Prostaglandin F2a Prostaglandin E2, A2, |2 
Thromboxane A2 Histamine 
Angiotensin II Adenosine triphosphate 


Bradykine 
Substance P 


Serotonin (5-hydroxytryptamine, 5-HT) 


Somatostatin 


(ACh), vasoactive intestinal polypeptide (VIP), calci- 
tonin gene-related peptide (CGRP), prostanoids, his- 
tamine, and adenosine triphosphate (ATP). Table 9.2 
represents an overview of factors that may influence 
smooth-muscle tone within the penis. ACh released 
from the parasympathetic nerve endings stimulates 
NO release from the vascular endothelium and inhibits 
the liberation of noradrenaline from the sympathetic 
nerve terminals. VIP is colocalized with ACh in para- 
sympathetic nerve endings and leads to cavernosal and 
arteriolar smooth-muscle relaxation. CGRP shows 
endothelial-dependent arteriolar dilating outcome but 
no effects on trabecular smooth muscles. Histamine 
can be found in mast cells and in walls of penile blood 
vessels and mediates smooth-muscle relaxation via 
H,-receptors but can also lead to contraction via H,- 
receptors. The mainly smooth-muscle-relaxing results 
of histamines are mediated by an increasing effect 
on endothelial NO production and an inhibition of 
sympathetic noradrenaline release. Other substances 
including bradykine, ATP, substance P, or 5-HT are 
able to increase endothelial NO release. 


Pharmacological influence 


At present the oral drugs that are commonly in use are 
phosphodiesterase type 5 (PDE-5) inhibitors includ- 
ing sildenafil, vardenafil, and tadalafil, which behave 
as peripheral conditioners, and dopaminergic ago- 
nists such as subinguinal apomorphine as a central 
initiator. The other local pharmacotherapies include 
intracavernosal injection therapy, intraurethral 
agents, and topical drugs. The introduction of intrac- 
avernosal injection therapy in the early 1980s became 
the foundation of ED therapy until the late 1990s with 
the launch of intraurethral drug application in 1997 
and the orally available PDE-5 inhibitors in 1998 [26- 
29]. The concept of local drug absorption by the penile 


skin appears very attractive and logical, but because of 
inadequate efficacy and local adverse events no topical 
agents are currently approved for use; they are there- 
fore not discussed further in this chapter. 


Phosphodiesterase inhibitors 

With the introduction of sildenafil citrate (Viagra™) 
[30] in 1998, as a selective type 5 phosphodiesterase 
inhibitor for oral use, treatment options for ED have 
been revolutionized [29]. Vardenafil (Levitra™) [31] 
and tadalafil (Cialis™) [32] complete the PDE-5 inhibi- 
tor family in Europe and the USA. It is very important 
to recognize that such agents do not initiate an erection 
but act locally within the penis to facilitate and enhance 
the smooth-muscle response to sexual stimulation. As 
described above, the relaxation of the smooth muscles 
in the corpora cavernosa is essential in achievement of 
a normal penile erection. In response to sexual stim- 
uli, NO is released by cavernous nerve endings and 
endothelial cells and stimulates the creation of the 
active second messenger cGMP by guanylate cyclase 
[1,33]. The extent of the nitrergic stimulus and the rate 
of cGMP breakdown by the enzyme phosphodiester- 
ase control the level of the active second messenger 
within the smooth-muscle cell. Sildenafil, vardenafil, 
and tadalafil are selective inhibitors of cGMP-specific 
PDE-5, the predominant isozyme metabolizing cGMP 
in the corpus cavernosum [29,34,35]. Inhibiting 
PDE-5 and thus preventing cGMP breakdown poten- 
tiates the action of cGMP and thus facilitates erectile 
activity. Regarding enzyme phosphodiesterase, at least 
11 different but homologous gene families (21 sub- 
families) have been discovered, with each family typ- 
ically having several different isoforms, and types 2, 
3, 4, 5, and 11 have been identified in the human cav- 
ernosal smooth muscle [36,37]. These PDEs differ in 
their three-dimensional structure, kinetic properties, 
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modes of regulation, intracellular localization, cellular 
expression, and inhibitor sensitivities. Overall PDE-5 
appears to be the most important isozyme in the con- 
trol of normal penile erectile activity. Not only cGMP 
but also cAMP, as another important pro-erectile 
second messenger in the smooth muscle, is a substrate 
for PDE. PDE-3 specifically hydrolyses cAMP, but is 
inhibited by cGMP. With an increased occurrence of 
cGMP by PDE-5 inhibition the cross-regulation by 
PDE-3 inhibition prevents cAMP breakdown in add- 
ition. Older medications with a certain specificity to 
inhibit PDE-5, such as dipyridamole and zaprinast, are 
completely replaced by the new generation of PDE-5 
inhibitors, which are more potent [38]. 

Other remedies, including theophylline, oxpen- 
tifylline, and papaverine, inhibit PDE isozymes in a 
nonselective manner. Papaverine, as a nonspecific 
PDE inhibitor, was introduced in 1982 as a potent 
therapy for ED by intracavernosal injection and 
revolutionized the treatment options for ED at that 
time [26]. Local administration of papaverine directly 
into the corpora cavernosa prevents the breakdown 
of cGMP and cAMP by the inhibition of PDE-5 and 
PDE-3, respectively. The increased bioavailability of 
both second messengers results in lowering the cyto- 
plasmic Ca concentration with consecutive smooth- 
muscle relaxation achieving an erection usually within 
minutes. Systemic side effects are basically abolished, 
because local drug levels are high, while systemic drug 
concentrations remain low. A single intracorporeal 
injection is able to induce an erection because the 
erectile tissue works as a so-called functional syncyt- 
ium, allowing the undisturbed information transfer 
between the smooth-muscle cells through gap junc- 
tions [22]. 


Dopaminergic agonists 
With the introduction of apomorphine hydrochlor- 
ide (Uprima”, Ixense™) in Europe in 2001 (unlicensed 
in the USA), the brain was addressed as an organ in 
the treatment for ED [39]. Results from basic research 
by induction of penile erections via D, dopaminergic 
receptors in the paraventricular nucleus in rodents after 
parenteral administration of dopaminergic agonists 
paved the way for the use of central initiators [40]. 
Apomorphine is a dopaminergic agonist whose 
primary effect occurs at the brain level in the paraven- 
tricular nucleus where the D, dopaminergic recep- 
tors specifically responsible for erectile function are 
located [41]. Activation of these receptors triggers the 
processes that induce pro-erectile stimuli by neuronal 


stimulation through the medullar parasympathetic 
route and start the penile vascular response through 
the pudendal nerves. Side effects including yawn- 
ing, somnolence, nausea, headache, dizziness, and 
vasodilated syncopes are due to effects caused by co- 
stimulation of dopaminergic receptors D, ,. In general, 
apomorphine is used sublingually and appears to be 
effective in patients with mild ED, with a relatively 
fast onset of action (30-60 minutes), but beyond this 
it seems to have limited application [39]. At this time 
there is interest in developing a transnasal delivery of 
this agent. 


Adenylate cyclase stimulation 
Prostanoids - Human corpus cavernosum tissue is 
able to synthesize prostanoids [42], and their produc- 
tion is modulated by oxygen tension and suppressed 
by hypoxia [43]. Prostanoids exert their effects mainly 
through cAMP, which is formatted after adenylate 
cyclase activation. This is a membrane-bound recep- 
tor-coupled enzyme, compared to guanylate cyclase, 
which is an intracytoplasmic enzyme. One of the pros- 
tanoid representatives is prostaglandin E, (PGE,) 
(Alprostadil™), which is a potent erectogenic agent in 
use for direct intracavernosal injection (ICI) therapy 
and acts via specific receptors on the smooth-muscle 
cell membrane stimulating the enzyme adenylate 
cyclase [44]. Adenylate cyclase converts cyclic adeno- 
sine triphosphate (cATP) to cyclic adenosine mono- 
phosphate (cAMP), as the active second messenger. 
This again stimulates protein kinase A, which has 
actions similar to those of protein kinase G, leading to 
a fall in the intracellular Ca concentration and finally 
to pro-erectile smooth-muscle relaxation and increase 
in diameter of cavernosal arteries resulting in an erec- 
tion. PGE, is the most widely used single drug for ICI 
[45,46]. However, a common side effect is the com- 
plaint of penile pain in over 30%, due to nociception of 
PGE, after ICI, causing 3-5% of patients to withdraw 
[47]. Nowadays PGE, is often used in combination 
with papaverine, a nonspecific PDE inhibitor, and/ 
or phentolamine, a nonspecific a-adrenergic receptor 
blocker. Among other effects, PGE, causes a reduction 
in release of noradrenaline at the presynaptic nerve 
endings. This has a supportive pro-erectile effect. 
Another common option for PGE, application is 
the Medicated Urethral System for Erection (MUSE”), 
which delivers the active agent in pellet form into 
the urethra. PGE, reaches the smooth muscle in the 
corpora cavernosa after penetrating the urothelial 
epithelium via retrograde flow through spongiosal 
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veins communicating with the cavernosal blood 
supply [48]. 

Vasoactive intestinal polypeptide (VIP) is also a 
pro-erectile compound that acts through G-protein 
receptor-mediated adenylate cyclase activation of the 
smooth-muscle cell [49]. In general, VIP leads only to 
a moderate tumescence when injected alone into the 
corpora cavernosa, but it shows promising rigidity 
results in combination with other injectable drugs such 
as phentolamine. Ongoing research will show whether 
these drugs will find a place in the clinical treatment 
of ED. 

Melanocortin agonists - Melanocortin peptides 
including adrenocorticotropin and a-melanocyte- 
stimulating hormone, both produced in the pituitary, 
have been determined in different animal studies to 
have the ability to cause sexual excitation [50]. Two 
melanocortin receptor agonists, melanotan II (MT-II) 
and PT-141 (the deaminated metabolite of MT-II), have 
undergone clinical trial examination for the purpose of 
ED treatment. Melanocortin agonists act via G-protein 
membrane-bound receptors and five melanocortin 
receptors (MC-1-5) have been identified, of which 
MC-3 and especially MC-4 seem to be involved in the 
control of penile erection. Their stimulation leads to 
an adenylate cyclase activation with initiation of the 
cAMP cascade finally leading to smooth-muscle relax- 
ation. Clinical studies on subcutaneous MT-II admin- 
istration have demonstrated a pro-erectile activity in 
men with ED of various origins [51]. Even more prom- 
ising is the report on PT-141 in randomized, double- 
blind, placebo-controlled studies, especially because of 
the convenient intranasal application of PT-141 and 
the fact that to date no serious side effects have been 
reported after PT-141 administration [52]. 


Influence of a-adrenoceptors 

Alpha-adrenoreceptors appear to play an important 
role in smooth-muscle tone regulation; specifically, 
a,-adrenoceptor stimulation leads to smooth-muscle 
contraction, whereas a,-adrenoceptor activation 
modulates neurotransmitter release from sympathetic 
and parasympathetic nerve terminals. Initiated by 
animal studies which demonstrated enhanced erect- 
ile response to electrical stimulation of erectogenic 
nerves after a-adrenoceptor blocking, clinical obser- 
vations show induction of an erection after local 
intracavernosal injection (ICI) of a competitive non- 
specific a-adrenoceptor antagonist such as phentola- 
mine. To improve its therapeutic effect phentolamine 
is often used in combination with papaverine or in a 


triple combination called trimix that combines PGE,, 
papaverine, and phentolamine, which are synergistic. 
The result is maximization of efficacy while at the same 
time minimizing side effects [53]. However, trimix 
itself is not licensed. Phentolamine may also have some 
effects on serotonin receptors, but the main location of 
action appears to be the arteriolar smooth muscle, and 
the result is an increased arterial inflow into the penis 
with little effect on the cavernosal smooth muscle. 

Phenoxybenzamine is also a nonspecific but irre- 
versible a-adrenoceptor antagonist. Because of an 
increased risk of prolonged erections and priapism due 
to its long half-life of over 24 hours, and a reported ten- 
dency to induce cavernosal fibrosis, it is not in com- 
mon use for ICI. 

Moxisylyte is a nitrosylated selective inhibitor of 
a,-adrenoceptors, which, when injected, combines 
vasodilator activity as a NO donor and blockade of the 
tonic sympathetic neuronal action [54]. 

Orally administered yohimbine was widely used in 
the 1960s with the intent to improve erectile function. 
Yohimbine is an a,-adrenoceptor antagonist, but the 
exact location of its action is not fully clear and it may 
be pharmacologically active both peripherally and cen- 
trally. The role of yohimbine has diminished, because 
it is much less efficacious than recently available agents 
such as PDE-5 inhibitors or apomorphine. 


Rho-kinase pathway antagonism 

The RhoA/Rho-kinase pathway supports the noradren- 
ergic dominance of smooth-muscle contraction in the 
flaccid state of the penis through phosphorylated inhib- 
ition of the myosin phosphatase leading to increased 
sensitization of myofilaments to basal cytoplasmic 
Ca ion concentration [15]. Studies using Y-27632, a 
selective Rho-kinase inhibitor, have demonstrated 
prevention of vascular, bronchial, and gastrointes- 
tinal smooth-muscle contraction [25]. Rho-kinase is 
expressed in the penile smooth muscle as well and is 
expressed 17-fold in the corpus cavernosum compared 
to vascular smooth muscle [55]. In-vivo Rho-kinase 
inhibition stimulates rat penile erection independently 
of NO and causes relaxation in vitro [56]. Molecular 
studies in human corpora cavernosa have documented 
a high expression of RhoA contributing to the RhoA- 
mediated Ca sensitization in the flaccid state of the 
penis [57]. The finding of increased RhoA expres- 
sion in human artery smooth-muscle cells in a NO/ 
cGMP-dependent protein kinase-dependent manner 
suggests that the basal release of NO is necessary to 
maintain RhoA expression and function in vascular 
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smooth-muscle cells [58]. The RhoA/Rho-kinase path- 
way plays a supportive role in the modulation of the 
contractile smooth-muscle tone in the flaccid penis, 
and it seems that this pathway might represent a prom- 
ising alternative therapeutic target for ED treatment. 


Angiotensin and angiotensin-converting enzyme 

The renin-angiotensin system, with its active elem- 
ent angiotensin II, an octapeptide hormone which is 
involved in blood pressure and plasma volume regula- 
tion, thirst perception, sodium excretion, and sympa- 
thetic nervous activity, seems also to play adetumescent 
role in the erectile tissue [59]. Angiotensin II mediates 
its effects via AT, and AT, membrane receptors and 
produces and secretes it in the human corpus cavern- 
osum causing a dose-dependent contraction of human 
corpus cavernosum strips [60]. Clinical studies strongly 
support the hypothesis that angiotensin II is involved 
in flaccidity and detumescence [61]. Clinical trials also 
clearly showed, in a prospective open design, a signifi- 
cant amelioration of ED documented with an improve- 
ment of the International Index of Erectile Function 
questionnaire score under the use of the selective angio- 
tensin II receptor blocker valsartan in men with hyper- 
tension [62]. These findings noticeably support the 
belief that angiotensin II is involved in penile flaccidity 
and detumescence and is connected to ED. 


Endothelin 

Endothelins (ET), as a group of endogenous peptides 
primarily produced by endothelial cells, may make a 
contribution to the corporeal smooth-muscle tone as 
a potent vasoconstrictor. ETs work through ET, and 
ET, receptor stimulation and increase transmembrane 
Ca fluctuation due to voltage-dependent and/or recep- 
tor-operated Ca channels, and lead to smooth-muscle 
contraction [63]. Clinical trials do not support the 
effectiveness of ET, antagonism resulting in improved 
erectile function found in animal studies [64]. The 
disconcordance between the promising results in ani- 
mal studies and failure to replicate results in the clinic 
should raise awareness that there are differences in 
the transferable applicability of laboratory findings in 
humans, which should not be underestimated. Current 
opinion suggests that ETs may play only a minor role in 
the control of penile flaccidity [65]. 


Nitric oxide donors and guanylate cyclase activators 

Linsidomine (SIN-1) and nitroprusside are NO 
donors which are able to release NO after intracaver- 
nosal injection stimulating the NO/cGMP pathway 


[66]. Preliminary data showed potential effectiveness 
and safety of NO donors as intracavernosal agents, 
but long-term self-injection trials are needed to define 
their place in clinical practice recommendations [67]. 
NO effectiveness in smooth-muscle relaxation is cou- 
pled with the activation of guanylate cyclase. Classical 
NO donors tend to lose their potency due to a tachy- 
phylactic effect, or have other side effects due to their 
nonspecific interaction with other biological molecules 
[25]. The pharmaceutical industry, including Bayer, 
Abbott, and Aventis, have developed NO-independent 
soluble guanylate cyclase activators that are at present 
in the animal experimental phase [68]. 


Serotoninergic influence (trazodone) 

Serotonin, also known as 5-hydroxytryptamine 
(5-HT), plays a complex role in modulating sexual 
behavior. The 5-HT receptors appear to be able to facili- 
tate sexual stimulation via 5-HT,, receptor activation 
or to restrain it via 5-HT , and 5-HT, receptor stimu- 
lation, and therefore many drugs that influence 5-HT 
activity alter sexual behavior. But so far no medication 
which uses the serotoninergic influence is licensed for 
the treatment of ED. 


Summary 

Erection is primarily a neurovascular event combining 
neurotransmission and vascular biological responses 
under central and local control. Not surprisingly, the 
complexity of additional hormonal stimulation, local 
biochemical interactions, and biomechanical mecha- 
nisms influence the neurovascular control. Most of the 
time, the penis is kept in a flaccid state under the influ- 
ence of a-adrenergic tone through a tonic noradren- 
aline release from sympathetic nerves maintaining a 
penile arterial and corporeal smooth-muscle contrac- 
tion supported by calcium-sensitizing pathways via 
RhoA-kinase activation. Recent observations suggest 
that the interaction between the pro-erectile nitrergic 
cascade and the anti-erectile noradrenergic mechan- 
ism takes place on the cellular level inside the smooth 
muscle, where the nitrergic system supersedes the 
noradrenergic system during erection. An erection 
is inducible by various stimuli and mainly driven by 
the NO/cGMP pathway resulting in arterial and tra- 
becular smooth-muscle relaxation. The balance and 
interaction between relaxant and contractile factors 
determines the final outcome of the penile smooth- 
muscle tone. Growing from the revolutionary intro- 
duction of an effective and safe oral treatment such 
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as the PDE-5 inhibitors within the last decade, many 
advances have been made in the understanding of the 
physiology of penile erection. As a result, novel targets 
are under development, including Rho-kinase inhib- 
ition or adenylate cyclase activation, with the promise 
of beneficial effects in ED management in the future. 


Concepts of emission and ejaculation 


Alongside developments in the field of erectile physi- 
ology and function, the last decade has witnessed 
promising advances in the understanding of central 
and peripheral mechanisms of ejaculation control. 
Usually accompanied by orgasm, ejaculation consti- 
tutes the final phase of the sexual response cycle in the 
male and represents a reflex involving sensory stimuli 
processed on cerebral and spinal levels and returned on 
efferent pathways. Ejaculation is a reflex that requires a 
complex interplay between somatic, sympathetic, and 
parasympathetic pathways involving predominantly 
central dopaminergic and serotonergic neurons [69]. 
In an undisturbed antegrade ejaculation process three 
basic phases are involved: emission, ejection/expul- 
sion, and orgasm [70]. Emission, as the first phase of 
ejaculation, is a sympathetic spinal cord reflex and is 
defined as the deposition of seminal fluid into the pos- 
terior urethra. 

Ejaculation or expulsion is due to the combined 
action of sympathetic and somatic pathways. An ante- 
grade ejaculation requires a synchronized interplay 
between periurethral muscle contractions and bladder 
neck closure contemporaneous with the relaxation of 
the external urinary sphincter. 

Orgasm, generally associated with ejaculation, is a 
pleasurable sensation resulting from cerebral process- 
ing of the increased pressure in the posterior urethra 
and contraction of the urethral bulb and accessory sex- 
ual organs. 


Anatomy 


Several anatomical structures are involved in the ejacu- 
lation process. The ejaculate comprises secretions from 
the seminal vesicles (50-80% of the ejaculatory volume), 
the prostate (15-30%), and bulbourethral (Cowper's) 
glands and spermatozoa (approximately 5%). 


Functional anatomy 

The spermatozoa undergo final maturation in the epi- 
didymis and are stored there prior to ejaculation. The 
smooth muscles of the epididymis are innervated by 
adrenergic and cholinergic pathways, receiving neur- 
onal fibers from the superior and inferior spermatic 


plexus. The neurotransmitters identified in the caudal 
epididymis include VIP, neuropeptide Y, CGRP, sub- 
stance P, and NOS [71,72]. 

During the emission phase, spermatozoa are 
transported by peristaltic contractions of the smooth 
muscles of the ductus (vas) deferens, which joins the 
duct of the seminal vesicles at its ampullar ending, 
forming the ejaculatory duct. The vasa deferentia act 
as conduits, carrying sperm between the epididymis 
and the ejaculatory ducts via the vasal ampullae. The 
vasal ampullae pass medially to the seminal vesicles, 
where they join together to form the ejaculatory duct. 
The ejaculatory duct travels through the prostate and 
enters the urethra at the level of the verumontanum. 
The pelvic plexus provides both adrenergic and cholin- 
ergic nerves innervating the ductus deferens. Among 
the neuropeptides playing a role in ductus deferens 
innervation, NO, VIP, and neuropeptide Y are the most 
abundant [73,74]. Dual innervation by sympathetic 
and parasympathetic fibers from the hypogastric and 
pelvic nerves via the pelvic plexus supply the seminal 
vesicles. These paired structures, situated lateral to the 
ampullary vas bilaterally, have layers of smooth mus- 
cles and are responsible for 50-80% of the ejaculatory 
volume. A recent microscopic study demonstrated 
nitrergic-mediated signal transduction in the con- 
trol of human seminal vesicle function [75]. Another 
pelvic organ involved in the ejaculatory process is the 
prostate gland, contributing 15-30% of the ejacula- 
tory secretion. The prostate contains simple fibromus- 
cular tissue and alveolar epithelium. The contractile 
and secretory function of the prostate gland is under 
autonomic control, dually innervated by sympathetic 
and parasympathetic filaments. The adrenergic fibers 
traveling along the pelvic nerve are confined to innerv- 
ating the blood vessels supplying the prostate. Via the 
hypogastric nerve the adrenergic and cholinergic influ- 
ences reach the prostatic parenchyma, which is domi- 
nated by sympathic tone. Studies using radioligand 
binding assays and receptor autoradiography support 
the suggestion that prostatic muscular contraction is 
controlled by the sympathetic nervous system acting 
via a -adrenoceptors [76]. Muscarinic receptors and 
a,-adrenoreceptors are predominant in the nonpatho- 
logical prostate along with a,- and B-adrenoreceptors. 
Using transneuronal mapping methods the presence 
of adrenergic and cholinergic endings has been docu- 
mented in the outer muscle layer and inner secretory 
layer of the prostatic acini [77]. VIP and neuropep- 
tide Y are the most frequent neurotransmitters in the 
prostate [78,79]. Enkephalin in the prostatic smooth 
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muscles and nitrergic innervations of the epithelium, 
fibromuscular stroma, and blood vessels has also 
been described [80,81]. The bulbourethral glands or 
Cowper's glands are covered by the bulboglandularis 
muscles, and contract and expel their secretions into 
the urethra under cholinergic control. Interestingly, 
animal studies in rats have revealed only cholinergic 
fibers around acini in the Cowper’s glands but have not 
shown adrenergic components [82]. The ejaculatory 
fluid flows via the ejaculatory ducts at the colliculus 
seminalis into the prostatic urethra. 

As part of the ejaculatory reflex, the closure of the 
bladder neck sphincter prevents retrograde semen 
flow into the bladder during emission and ejacula- 
tion. Both the bladder neck and the urethra contain 
layers of smooth muscles receiving a dual innervation 
from sympathetic and parasympathetic nerves [83]. 
The nerve fibers pass via the hypogastric and pelvic 
nerves joining the pelvic plexus. Adrenergic a,- and 
a,-adrenoreceptors are found mostly in the smooth 
muscle but also in submucosa [84]. Cholinergic som- 
atic efferents, via the pudendal nerve, supply the exter- 
nal rhabdosphincter, a striated-muscle layer at the 
distal segment of the urethra [85]. NOS, neuropep- 
tide Y, VIP, enkephalin, and somatostatin have been 
detected in ganglion cells and/or axon endings located 
in the smooth-muscle layers of the bladder neck and 
the urethra [86,87]. Urethral afferents terminate in 
the lumbosacral segments of the spinal cord along 
pudendal, pelvic, and hypogastric nerves. CGRP and 
substance P have been identified in the urethra [87]. 
Adequate propulsion of the ejaculate requires a syn- 
chronized relaxation of the external urinary sphinc- 
ter with simultaneous bladder neck closure during 
rhythmic contractions of the striated muscles of the 
pelvic floor, including the bulbocavernosus, ischiocav- 
ernosus, and levator ani muscles [69]. These muscles 
are innervated exclusively by motor fibers from the 
pudendal nerve. The ischiocavernosus muscles cover 
the corpora cavernosa along the crura at the base of the 
penis, and the bulbocavernosus muscle encircles the 
corpus spongiosum. The rhythmic contraction of these 
muscles provides the movement of the seminal fluid 
through the urethra and, finally, its expulsion from the 
urethral meatus. 


Neuroanatomy 

Peripheral anatomy 

The pathways involved in the peripheral control of 
ejaculation include sensory afferents and motor effer- 
ents. The sensory afferent input travels along the 


dorsal nerve leading into the perineal nerve and along 
the hypogastric nerve. The majority of sensory infor- 
mation is gathered via free nerve terminals from the 
penile skin and glans. However, encapsulated receptors 
called Krause-Finger corpuscles have also been identi- 
fied in the glans [88]. Sensory impulses trek along the 
dorsal nerve, which is a sensory branch of the perineal 
nerve, to the upper sacral and the lower lumbar seg- 
ments of the spinal cord. In addition, afferents also pass 
via hypogastric nerve fibers, reaching the paravertebral 
lumbosacral sympathetic chain via thoracolumbar 
dorsal roots in the spinal cord [89]. The sensory affer- 
ents end in the medial dorsal horn and the dorsal gray 
commissure of the spinal cord [90]. 

The autonomic nervous system plays a key role in 
the efferent pathway of the ejaculatory reflex [82]. As 
mentioned before, the nerves primarily extend from the 
pelvic plexus, where sympathetic and parasympathetic 
nerve fibers provide a rich innervation of the male 
sexual organs in the pelvis. The origins of the pregan- 
glionic sympathetic neurons are located in the inter- 
mediolateral cell column and in the central autonomic 
region of the thoracolumbar segments of the spinal 
cord (T11-L2) [91]. The sympathetic fibers leave the 
spinal column bilaterally through the ventral roots and 
synapse in the paravertebral sympathetic chain. From 
there fibers proceed via the thoracic sympathetic chain 
to the inferior enteric plexus, the major and minor 
splanchnic nerves, the cranial mesenteric plexus, and 
the intermesenteric nerves where further descending 
nerves from these ganglia form the hypogastric plexus 
just below the aortal bifurcation. Proceeding sympa- 
thetic fibers merge into the inferior mesenteric ganglia 
where the paired hypogastric nerves arise. The conflu- 
ence of the hypogastric nerve and the parasympathetic 
pelvic nerve constitutes the pelvic plexus. The outgoing 
branches from this plexus innervate the epididymis, 
vas deferens, seminal vesicle, prostate, bladder neck, 
and urethra [92]. 

The origin of the preganglionic parasympathetic 
neurons is located in the intermediolateral cell col- 
umn of the lumbosacral segments of the spinal cord in 
the sacral parasympathetic nucleus (S2-S4). Neurons 
travel in the pelvic nerve to the pelvic plexus. Efferent 
somatic nerves emerge from Onuf’s nuclei in the anter- 
ior horn of the sacral segments S2-S4 and travel along 
the motor branch of the pudendal nerve to innervate 
the pelvic floor striated muscles, including the bul- 
bospongiosus and ischiocavernosus muscles. 

The pudendal nerve also arises from the sacral seg- 
ments $2-S4, and after leaving the pelvis through the 
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greater sciatic foramen and re-entering via the lesser 
sciatic foramen it innervates the perineal striated mus- 
culature. Under the influence of both sympathetic and 
parasympathetic pathways the process of ejaculation 
can be triggered by sensory stimulation of the penis 
as well as influenced by various cerebral erotic stimuli 
integrated and processed at the spinal cord level [93]. 


Spinal and central anatomy 

The spinal network plays a significant role in process- 
ing and directing afferent and efferent information 
in the ejaculatory process (Fig. 9.2). For a long time, 
interneurons located in the medial gray bilaterally in 
the lumbosacral spinal cord have been presumed to be 
the spinal ejaculation generator [94-96]. Recently, 
specific neurons in the central gray of lamina 7 and 10 
of lumbar segments 3 and 4 (L3-4) have been discov- 
ered, and these may play a pivotal role in the control of 
ejaculation as a spinal ejaculation generator [97]. It has 
been documented that these neurons have projections 
tothe parvocellular subparafascicular thalamic nucleus 
(SPFp) [98]. Based on their projection to the thalamus 
and their spinal location, these particular neurons are 
reported as lumbar spinothalamic (LSt) cells. The LSt 
cells also have projections to somatic motor neurons 
as well as sympathetic and parasympathetic pregangli- 
onic neurons, emphasizing their contribution to the 
integration of sensory afferent contributions and auto- 
nomic and motor efferent assemblies involved in the 
ejaculatory reflex [97,99]. 

The spinal centers are under descending inhibitory 
and excitatory influences of supraspinal regions involv- 
ing cerebral sensory areas and motor centers, which are 
closely interrelated [100,101]. This specifically ejacu- 
latory-related cerebral network includes the medial 
preoptic area (MPOA), the paraventricular nucleus 
of the hypothalamus (PVN), the nucleus paragigan- 
tocellularis (nPGi), the posterodorsal medial amyg- 
daloid nucleus (MeApd), and the SPFp. 


Physiological control of ejaculation 


Thus peripheraland central sites, as wellas sympathetic, 
parasympathetic, and somatic pathways, participate in 
the physiological control of the ejaculatory reflex. A 
normal ejaculatory response requires synchronized 
neurochemical interplay coordinated at different lev- 
els of the nervous system. In humans, the components 
of the ejaculate are released from participating organs 
ina particular order. The first portion of the ejaculate is 
provided by the bulbourethral glands, followed by fluid 
from the prostate that includes a few spermatozoa. 


nPGi (brainstem) 
') MPOA (hypothalamus) 
PVN (hypothalamus) 


Tonic descending 
serotonergic inhibition 
of ejaculation 

from nPGi 


Ejaculation reflex 
mediated by the 
lumbosacral cord 


Sympathetic control 
of ejaculation in the 
lumbosacral cord 


Fig.9.2. Central control of ejaculation. nPGi, nucleus paragiganto- 
cellularis; MPOA, medial preoptic area; PVN, paraventricular nucleus. 


Afterwards, the main fraction of the ejaculate, includ- 
ing the bulk of the spermatozoa, is contributed by the 
epididymis and vas deferens, along with prostatic and 
seminal vesicle fluids. 

Posterior urethral distension, which is an adequate 
sensory stimulation of the dorsal penile nerve, appears 
to be sufficient to trigger an ejaculatory response. 
Describing a urethrogenital reflex, urethral distension 
in anesthetized rats induced contractions of the striated 
perineal muscles [102]. In other work in anesthetized 
rats, the electrical stimulation of the dorsal nerve of the 
penis and the pelvic nerve, both transmitting sensory 
information from the urethrogenital tract, provoked 
a response of somatic pathways, innervating the pel- 
vic floor striated muscles [103]. These results have also 
been shown in humans, along with documentation 
of electromyographic activity of the bulbospongiosus 
muscles after sensory stimulation by distension of the 
posterior urethra or sacral root stimulation [104,105]. 

The emission of the seminal fluid is controlled by 
the sympathetic nervous system activating propulsive 
contraction of smooth muscle of the prostate, vas defer- 
ens, and seminal vesicles, as well as prostatic glandular 
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secretion. Several studies have documented a contract- 
ile response of the vasa deferentia, seminal vesicles, 
prostate, and urethra as a result of sympathetic nerve 
system activation by stimulation of sympathetic nerve 
fibers within the hypogastric or splanchnic nerves or 
by sympathomimetic medications [86,106]. 

In animal species, pelvic nerve stimulation leads to 
a contractile response of the vasa deferentia, the pros- 
tate, and the urethra [107,108]. With the use of cholin- 
ergic drugs, contraction and secretion of prostate and 
seminal vesicles has been observed to be mediated by 
muscarinic receptors [109]. Based on these findings 
regarding the cholinergic activation, the sympathetic 
innervation of the prostate might contain both adren- 
ergic and cholinergic elements. Clear clinical evidence 
for a functional role of parasympathetic innervation 
involved in the ejaculatory process is missing thus 
far [86]. 

Besides the adrenergic and cholinergic influence, 
experimental studies have revealed that VIP and neuro- 
peptide Y are involved in the contraction and secretion 
of prostate and seminal vesicles [109,110]. However, 
the detailed process of their interaction is yet to be 
fully elucidated. One aspect might be the modulating 
influence of parasympathetic input on noradrenaline 
release [110]. 

The important role of the sympathetic pathway in 
the ejaculatory process in humans is emphasized by 
the fact that an interruption of the innervation of the 
bladder neck, vas deferens, or the prostate can lead to a 
retrograde ejaculation or failure of emission. Protection 
of sympathetic efferents during surgical procedures in 
the retroperitoneum or in the pelvis preserves normal 
ejaculatory function [111]. A semen sample can be 
acquired from patients with spinal cord injury by using 
electric stimulation of the hypogastric plexus, activat- 
ing sympathetic efferents to achieve ejaculation [112]. 

The somatic nervous system represented by the 
pudendal nerve is exclusively responsible for the expul- 
sion phase of the ejaculate. The synchronous activation 
of ischiocavernosus, bulbospongiosus, and levator ani 
muscles as the perineal striated muscles, and the anal 
and urethral external sphincters innervated by the 
pudendal nerve, causes the powerful thrust of sem- 
inal fluid out of the urethra [113]. Patients with sacral 
spinal cord injuries after trauma (the pudendal nerve 
arises from sacral segments $2-S4) or patients with 
neuropathies (e.g., diabetes) typically have a dribbling 
ejaculation due to the missing motor innervation of the 
propulsive pelvic musculature [114]. 


Neuropharmacology 


Experimental studies in animals advocate a 
fundamental role for dopamine (D) and serotonin 
(5-hydroxytryptamine, 5-HT) in the regulation of 
ejaculation. Increased ejaculate volume was observed 
in rats after apomorphine (a nonselective D receptor 
agonist) administration into the MPOA [115]. And the 
opposite effect, showing reduced ejaculatory activity, 
was witnessed after the injection of flupenthixol, a non- 
selective D receptor antagonist. So far, five D receptors 
have been identified, subdivided into D -like (D, and 
D, receptors) and D,-like (D,, D,, and D, receptors). 
The pharmacological stimulation of D, and D, recep- 
tors in the MPOA with quinelorane induced emission 
and expulsion in rats [116,117]. 

Cerebral serotonin (5-HT) plays an inhibitory role 
in ejaculation, demonstrated in several studies in rats 
[118]. Within the group of 14 different 5-HT receptor 
subtypes, some may have pro- and others anti-ejacula- 
tory effects. The current literature supports at least the 
involvement of 5-HT,,, 5-HT,,, and 5-HT,,, receptors 
in the ejaculatory response control [119]. The stimu- 
lation of 5-HT,, receptors at various places including 
cerebral, spinal, or peripheral autonomic ganglia has a 
generally positive effect on ejaculation, while stimula- 
tion of 5-HT, has the opposite effect [120]. Activation 
of 5-HT,, autoreceptors has resulted in shortening of 
the ejaculatory latency time [121]. On the other hand, 
the stimulation of presynaptic 5-HT,, autoreceptors 
and postsynaptic 5-HT, receptors has shown an inhib- 
ition of ejaculatory behavior in male rats [121,122]. 

Attention needs to be paid to patients using psy- 
chotropic agents or adrenergic a-receptor antagonists. 
The last drug class is frequently prescribed for the 
treatment of benign prostatic hyperplasia and hyper- 
tension. Ejaculatory failure described under the influ- 
ence of adrenergic a-receptor antagonists appears 
to be related more to inhibition of seminal emission 
than to retrograde ejaculation. For uroselective a,- 
adrenoceptor antagonists targeting the predomin- 
ant a-receptor subtypes, ejaculatory dysfunction has 
been described from approximately 1% for alfuzosin 
up to 18% for tamsulosin. The drug-to-drug variability 
appears to be due to a different 5-HT and dopamine 
receptor interaction [123,124]. 

A well-recognized negative effect on ejaculatory 
function has been described for psychotropic sub- 
stances including antipsychotics, anxiolytics, and 
antidepressants. The effects of antipsychotic drugs 
are usually mediated by dopaminergic receptor 
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antagonism, especially on D,-like subtype receptors. 
Among those for chlorpromazine, clozapine, and ris- 
peridone an interaction with 5-HT,, receptors has also 
been described. Based on their mechanism of action, it 
is not surprising that ejaculatory impairment has been 
shown to be caused by antipsychotic drugs. However, 
whether interference with the central dopaminergic or 
serotonergic pathways is responsible for the mediation 
of an ejaculatory impairment needs to be more fully 
elucidated. The occurrence of retrograde ejaculation 
has been reported in men using antipsychotics [125]. 

An inhibitory effect on ejaculation apparently 
mediated by an enhanced GABAergic effect of benzo- 
diazepines prescribed for anxiety treatment has been 
reported to occur in approximately 10% [126]. Of the 
variety of available antidepressants, many delay or 
inhibit ejaculation. An increased ejaculation latency 
time has been reported for tricyclic antidepressants 
inhibiting neuronal noradrenaline transport and also 
5-HT [127,128]. A consistent and frequently described 
finding in psychiatric patients receiving selective sero- 
toninreuptake inhibitors (SSRIs), the youngest member 
of the available antidepressant family, is a lengthened 
ejaculation latency time, reported as 31-48% in clinical 
trials [129]. The impeded serotonin (5-HT) reuptake 
seems only one pathway involved, as it appears that 
dopaminergic, anticholinergic, prolactinergic, and 
nitrergic pathways also contribute mechanisms of 
SSRI-induced ejaculatory dysfunction. 

On the other hand, ongoing research has tried 
to take advantage of the delayed ejaculation that is a 
side effect induced by SSRIs in developing a treatment 
option for premature ejaculation. Premature ejacu- 
lation, with a prevalence of 21-33%, is thought to be 
the most common male sexual dysfunction [130,131]. 
At this time, no drugs have been approved by regula- 
tory agencies for treatment of premature ejaculation 
[132]. Initially, long-acting SSRIs were not made to 
treat premature ejaculation. However, based on their 
side effect of delayed ejaculation, SSRIs are used all 
the time off-label to treat premature ejaculation [133- 
135]. Other side effects of this pharmacological group 
include dermatological response, anticholinergic 
results, increasing bodyweight, psychiatric and neuro- 
logical disorders, cognitive mutilation, and drug-drug 
interactions as well as sexual disturbances involv- 
ing erectile dysfunction and loss of libido [136,137]. 
There are numerous definitions of premature ejacu- 
lation, but we will address only the two most com- 
mon. Premature ejaculation has been defined by the 


International Consultation on Urological Diseases 
as “persistent or recurrent ejaculation with minimal 
stimulation before, on, or shortly after penetration, 
and before the person wishes it, over which the suf- 
ferer has little or no voluntary control, or which causes 
the sufferer and/or his partner bother or distress” 
[138]. Recently the American Urological Association 
Guideline on the Pharmacologic Management of 
Premature Ejaculation defined premature ejaculation 
as “ejaculation that occurs sooner than desired, either 
before or shortly after penetration, causing distress 
to either one or both partners” [133]. Diagnosis and 
treatment are also complicated by the numerous ways 
of evaluating premature ejaculation. As an objective 
outcome measure the term “intravaginal ejaculatory 
latency time” (IELT) was defined and introduced in 
1998 [139]. The underlying pathophysiology of pre- 
mature ejaculation is not completely understood yet. 
In addition to a psychological aspect, basic and clin- 
ical psychopharmacological data suggest that pre- 
mature ejaculation is a neurobiological phenomenon 
related to central serotonergic neurotransmission 
[140]. Lately dapoxetine, a short-acting SSRI, was 
developed specifically for the treatment of premature 
ejaculation, increasing serotonin activity by inhibition 
of neuronal reuptake of serotonin [141]. Taken per os, 
dapoxetine has a specific pharmacokinetic suitable for 
on-demand therapy, with only approximately 1 hour 
to maximum serum concentration, 1.2 hours initial 
half-life, and rapid elimination [142]. The first phase 
III trial of dapoxetine 30 mg or 60 mg on demand for 
the treatment of premature ejaculation, in two ran- 
domized, double-blind, placebo-controlled studies, 
showed a significant prolongation of IELT, roughly 
three- to fourfold compared to placebo (P < 0.0001) 
[143]. Dapoxetin was better than placebo on the first 
dose and at all subsequent time points analyzed, and 
also improved patients’ perception of control over 
ejaculation, satisfaction with sexual intercourse, and 
overall impression of change in condition. Side effects 
appeared to be dose-related (30-60 mg) and affected 
the gastrointestinal and central nervous system the 
most, including nausea (8.7-20.1%), diarrhea (3.9- 
6.8%), headache (5.9-6.8%), dizziness (3.0-6.2%), and 
somnolence (3.2-3.7%). Adverse sexual events were 
rare and included erectile dysfunction (2.9-3.8%), 
abnormal ejaculation (0.7-0.8%), and decreased libido 
(0.7-0.3%). These data are promising for an effective 
and generally well-tolerated treatment option for pre- 
mature ejaculation when given on demand. 
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Summary 

The introduction of the PDE-5 inhibitors a decade ago 
raised a new awareness in both patients and physicians 
of the existence of male and female sexual dysfunction. 
Renewed scientific interest in the concepts of physio- 
logical control, alongside the development of new 
treatment options for erectile dysfunction and ejacula- 
tion disorders, has been witnessed within recent years. 
Additional research will be required to further expand 
our current knowledge of the spinal and supraspinal 
control mechanisms of the ejaculatory process. An 
improved understanding of the complex influences on 
ejaculation may open new therapeutic strategies for 
ejaculatory disorders. 
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subfertile male 


Introduction 


Infertility is often a difficult and stressful condition for 
both clinicians and patients to address. The possibil- 
ity of being childless often threatens both the male and 
female partner’s self-esteem. In addition, clinicians are 
often unfamiliar with the plethora of diagnostic tests 
currently available, and the interpretation of those tests 
required to develop a rational management plan. 
Fortunately, the last decade has seen new empha- 
sis on practice guidelines based on evidence-based 
medicine when possible and on consensus opinions 
of experts when adequate scientific studies are lack- 
ing. The American Urological Association and the 
American Society for Reproductive Medicine have 
jointly produced guidelines covering several aspects of 
the evaluation and management of male infertility. The 
use of evidence-based medicine and outcomes research 
is essential to determine the appropriate role of the 
growing list of available diagnostic tests. In spite of the 
scientific community’s increased emphasis on appropri- 
ately designed studies, patients are increasingly drawn 
to alternative medicine approaches for which, in gen- 
eral, there is limited or anecdotal evidence of efficacy. 
The wide use of the Internet has given patients rapid 
access to information. Unfortunately, this information 
is of widely varying quality, often leading the patients 
to have false expectations about the diagnostic utility of 
various tests as well as inappropriate expectations of the 
results of therapeutic approaches. This only emphasizes 
the need for the clinician to have a strong understand- 
ing of the basics of the infertility evaluation. 
Pregnancy rates by intercourse in normal cou- 
ples are approximately 20-25% per month, 75% by 
six months, and 90% by one year [1]. After one year 
of unprotected intercourse approximately 15% of 
couples of unknown fertility status are unable to 
conceive. In approximately 30% of these couples, 
infertility is due to a significant male factor alone, 
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whereas combined male and female factors are 
present in an additional 20% [2-4]. Thus, a male fac- 
tor is involved in approximately 50% of infertile rela- 
tionships. It is important to realize that 25-35% of 
infertile couples without treatment will conceive by 
intercourse at some pointin time. Conception rates of 
23% are reported within the first two years, and an addi- 
tional 10% will conceive within two more years [5,6]. 
Overall, in nonazoospermic infertile couples a preg- 
nancy rate of 1-3% per month can be expected. While 
infertility is generally not considered to exist until after 
12 months of attempted conception, couples often seek 
help prior to that period of time because they may 
have delayed attempts at parenthood until after career 
development. If conception does not occur in a timely 
manner, such couples face a race against the woman’s 
biologic clock. For these reasons, a basic, simple, and 
cost-effective evaluation need not be postponed. The 
workup of the infertile male should proceed, as would 
the workup of any patient with a medical problem: with 
a thorough history and physical examination followed 
by an initial series of laboratory tests. The results of the 
history, physical examination, and laboratory tests are 
used to develop a differential diagnosis, which may 
require additional, more specific testing. Although 
many tests are available to evaluate different aspects of 
male infertility, not all patients need all tests. 

The primary goals of the evaluation of the male 
presenting with infertility are to identify: (1) etio- 
logic conditions that may be reversed with resultant 
improvement in the male’s fertility status; (2) irrevers- 
ible conditions that may be best managed by the use 
of the assisted reproductive techniques, such as intra- 
uterine insemination (IUI) or in-vitro fertilization 
(IVF), using the male partner’s sperm; (3) irrevers- 
ible conditions not amenable to assisted reprodu- 
ctive techniques, such that donor insemination or 
adoption is more advisable; (4) medically significant 
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pathologies underlying the male’s infertility; and (5) 
genetic etiologies that may have implications for the 
patient and/or his offspring. When specific etiologies 
are identified, treatment may be directed towards the 
underlying pathology. Unfortunately, in many cases, 
the underlying cause for the abnormal semen analysis 
remains unknown. In these instances, both empirical 
therapies and techniques such as IUI, IVE and intracy- 
toplasmic sperm injection (ICSI) are often utilized. The 
physician should be familiar with the indications and 
limitations of each of these techniques, to better counsel 
the patient about appropriate management options. 


History 

A careful history should be obtained, including 
a detailed reproductive history and medical and 
surgical history, as well as a review of pertinent life- 
style factors and potential gonadal toxic exposure 
(Table 10.1). 


Reproductive history 


A notation should be made of prior conceptions for the 
male or the female with present or past partners, details 
of any prior difficulty achieving conception, as well 
as past evaluations and treatments for infertility and 
past use of contraception. The frequency and timing 
of intercourse should be recorded. Often neither part- 
ner understands the menstrual cycle and the fact that 
it is during the middle of the menstrual cycle that the 
female is fertile. In addition, it should be stressed that 
intercourse does not have to occur exactly at the time 
of ovulation since sperm remain viable within the cer- 
vical mucus and crypts for 48 hours or longer. Studies 
of fertile couples have demonstrated that concep- 
tion may occur with intercourse taking place within 
the five days prior to ovulation but will not occur if 
intercourse is performed only on the day following 
ovulation [7]. Most couples should be advised to have 
intercourse every two days near the time of ovulation. 
This will ensure that viable sperm are present within 
the female reproductive tract during the 12-24-hour 
period in which the ovum is viable and in the fallopian 
tube, and therefore capable of being fertilized. If inter- 
course occurs too frequently, inadequate numbers of 
sperm may be deposited within the vagina. The male 
should be questioned about his erectile and ejacula- 
tory function, as well as frequency of masturbation. 
Commonly used lubricants such as K-Y Jelly, Lubifax, 
SurgiLube, Keri Lotion, Astroglide, and saliva have 
been demonstrated to adversely affect sperm motility 
in vitro [8-13]. Lubricants that do not appear to affect 


Table 10.1. History of the infertile male 
History of infertility 

Duration 

Prior pregnancies 

Present partner 

Another partner 

Previous treatments 

Evaluation and treatment of partner 
Sexual history 

Potency 

Lubricants 

Timing of intercourse 

Frequency of intercourse 

Frequency of masturbation 

Childhood and development 
Cryptorchidism, orchiopexy 
Herniorrhaphy 

Y-V plasty of bladder neck 

Testicular torsion 

Onset of puberty 

Medical history 

Systemic illness (e.g., diabetes mellitus, multiple sclerosis) 
Previous/current therapy 

Surgical history 

Orchiectomy (testicular cancer, torsion) 
Retroperitoneal surgery 

Pelvic injury 

Pelvic, inguinal, or scrotal surgery 
Herniorrhaphy 

Y-V plasty, transurethral prostate 
Infections 

Viral febrile 

Mumps orchitis 

Venereal 

Tuberculosis, smallpox (rare) 
Gonadotoxins 
Chemicals (pesticides) 


Drugs (chemotherapeutic, cimetidine, sulfasalazine, 
nitrofurantoin, alcohol, marijuana, androgenic steroids, 
cocaine) 


Thermal exposure (hot tubs, saunas) 
Radiation 

Smoking 

Family history 
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Table 10.1. continued 
Cystic fibrosis 

Androgen receptor deficiency 
Review of systems 
Respiratory infections 
Anosmia 

Galactorrhea 

Impaired visual fields 


Headaches 


motility include raw egg white, vegetable oil, safflower 
oil, peanut oil, and, recently, several commercial lubri- 
cants. While these studies were done in vitro, it is still 
prudent to recommend that couples use a lubricant 
only if needed, and use only a minimal amount of one. 


Childhood illnesses and conditions 


The history of specific childhood illnesses or condi- 
tions may be important in the evaluation of the infertile 
male. Bilateral cryptorchidism results in a significant 
decrease in spermatogenesis, while the effect of uni- 
lateral cryptorchidism appears to be much milder. 
Studies of formerly cryptorchid patients who have 
undergone orchidopexies have reported decreased 
sperm densities in approximately 30% of men with uni- 
lateral cryptorchidism (range 28-82%). However, some 
studies have reported abnormal sperm densities in only 
17% of patients [14,15]. In contrast, approximately 
50% of bilaterally cryptorchid patients (range 9-88%) 
have been reported to have decreased sperm densities. 
Interestingly, the majority of unilaterally cryptorchid 
men are able to initiate a pregnancy without difficulty. 
Fertility rates in couples in whom the male has unilat- 
eral cryptorchidism average 85%, which is only slightly 
lower than and possibly not statistically significantly 
different from pregnancy rates in controls [14,15]. In 
contrast, fertility rates in couples in whom the male 
had bilateral cryptorchidism are only 50-65%. Despite 
the trend of performing orchidopexies at an earlier age, 
improved fertility rates have yet to be demonstrated with 
this approach. On the other hand, testes that remain 
undescended in the postpubertal age group do not 
function, and fertility rates are not improved by post- 
pubertal repair [16,17]. Testicular trauma or history 
of torsion of the testis should be noted, since both may 
result in atrophic testes. Approximately 30-40% of men 
with a history of testicular torsion will have abnormal 
results on semen analyses [18-25]. Antisperm antibod- 
ies are present in 0-11% of patients either at the time or 


after the event of testicular torsion [26,27]. Interestingly, 
testicular biopsies of the contralateral testis at the time 
of torsion have demonstrated a high frequency of 
impaired spermatogenesis and histological abnormali- 
ties [18,28]. Thus it appears that testes susceptible to 
torsion may have pre-existing spermatogenic defects. 
Despite these findings, definitive proof demonstrating 
decreased fertility in adult men with a past history of 
torsion is lacking [22,24]. 

The timing of pubertal development should be 
noted. Significantly delayed or incomplete develop- 
ment may suggest an endocrinopathy. Mumps does not 
appear to affect the testis when experienced prepuber- 
tally. However, after the age of 11 or 12 unilateral mumps 
orchitis occurs in 30% of patients who contract mumps 
postpubertally. The orchitis is bilateral in approxi- 
mately 10% of patients [29]. While this infection has 
been uncommon since the advent of mumps vaccine, 
it is still problematic in developing countries [26,30]. 
Importantly, the testicular damage may be quite severe, 
resulting in marked fibrosis and atrophy of the testis. 


Systemic diseases and illnesses 


Both diabetes and multiple sclerosis may affect erect- 
ile as well as ejaculatory function [31]. Myotonic dys- 
trophy is associated with the development of testicular 
atrophy [30,32]. Any generalized illness resulting in 
fever or viremia may cause impaired testicular func- 
tion, the effects of which may not appear in the ejacu- 
late for 1-4 months. The actual time lapse between the 
injurious event and the appearance of abnormal cells 
in the ejaculate varies, depending on what stage of the 
spermatogenic process is affected. For this reason, if a 
patient gives a history of acute medical problems in the 
three months before his first office visit, and if labora- 
tory analysis shows subnormal semen quality, analyses 
should be repeated several months later before a deci- 
sion is made regarding the quality of sperm production. 
A history of pyospermia or prostatitis should be noted, 
although these are uncommon and unproven causes of 
infertility [33]. The history of chronic upper respira- 
tory infections associated with severe motility defects 
raises the possibility of primary ciliary dyskinesia (also 
known as immotile cilia syndrome). When this con- 
dition is associated with situs inversus, it is known as 
Kartagener syndrome [34]. The association of frequent 
respiratory infections with azoospermia raises the 
possibility of Young syndrome [35]. In this condition, 
epididymal obstruction is due to inspissation of secre- 
tions. Any history ofurinary tract infections or sexually 
transmitted diseases should be recorded, particularly 
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if associated with epididymitis. Epididymal infections 
may result in the obstruction of the epididymis. 


Past surgical history 


Details of past surgeries should be obtained. Bladder 
neck surgery as well as prostate surgery may result in 
retrograde ejaculation, and patients will present with 
absent or low-volume ejaculates and the presence of 
large numbers of sperm in the postejaculate urine. 
Pelvic and retroperitoneal surgery may also affect 
ejaculatory function. Modifications of retroperitoneal 
lymph node dissection techniques utilizing a template 
method or a nerve-sparing approach preserve the 
sympathetic nerves and allow retention of the ejacula- 
tory function in most patients [30,32,36-38]. Patients 
with ejaculatory function after retroperitoneal surgery 
may sometimes be effectively treated pharmacologi- 
cally with sympathomimetic drugs, retrieval of sperm 
from a postejaculatory alkalinized urine combined 
with intrauterine insemination, electroejaculation, 
or surgical sperm retrieval combined with ICSI (see 
Chapter 26). The vas deferens may be injured during 
a herniorrhaphy itself or as a consequence of scarring 
from polypropylene mesh used during the repair [39]. 


Cancer and cancer treatments 


Patients with testicular cancer may present with infer- 
tility either before or after treatment of their cancer. 
Approximately 50% of testicular cancer patients 
have subnormal sperm densities prior to chemo- 
therapy [12,22,24,40]. Of note, of those with oligo- or 
azoospermia, 75% normalized during surveillance 
[12]. Following cisplatinum-based chemotherapy for 
testicular cancer, most patients will become azoosper- 
mic. However, most will recover sperm production 
within four years [13,41]. Radiation therapy given to 
patients with testicular seminoma results in impaired 
spermatogenesis 4-6 months after the completion of 
radiation. This may occur even with gonadal shielding 
[42]. Of those patients developing impaired sperm- 
atogenesis following retroperitoneal radiation therapy 
for seminoma, most will have a return to baseline semen 
quality within a two-year period. Three-fourths of those 
attempting conception will be successful within four 
years [41,43]. Patients with leukemia, lymphoma, anda 
variety of solid neoplasms often have subnormal semen 
parameters [44-46]. Most patients with Hodgkin's dis- 
ease and leukemia become azoospermic after chemo- 
therapy; however, some treatments may not result in 
permanent sterility [47]. After bone marrow trans- 
plantation with a combination of chemotherapy and 


radiation therapy, permanent sterility usually results 
[48]. 


Medication and drug use 


A detailed history of medications including pre- 
scribed, over-the-counter, illicit, and neutraceu- 
ticals should be obtained. Unfortunately, for many 
substances, data detailing potential effects on male 
fertility are lacking. Online sources include databases 
such as Reprotox and Reprotext. Both are often avail- 
able through online hospital and university databases. 
Heavy marijuana use has been associated with gyne- 
comastia, decreased serum testosterone levels, and 
a decrease in sperm concentration and pyospermia 
[49-51]. Similarly, oligospermia and defects in mor- 
phology and motility have been reported in users of 
cocaine [52,53]. Antihypertensive medicationsarecom- 
monly associated with erectile dysfunction, but most 
do not directly affect fertility. Spironolactone acts as an 
antiandrogen and has been associated with impaired 
semen quality [52,54]. Calcium channel blockers have 
been reported to cause a reversible functional defect in 
sperm, impairing the ability of sperm to fertilize human 
eggs without affecting sperm production or standard 
semen analysis parameters [55,56]. However, all inves- 
tigators have not reported these effects. 

Diethylstilbestrol (DES) was given to pregnant 
women in the 1950s, and reports of epididymal cysts 
and cryptorchidism in males with prenatal DES expo- 
sure have raised concerns about effects on fertility [57]. 
However, follow-up studies on adult men with prena- 
tal DES exposure have revealed no adverse effects on 
fertility [58]. Exogenous androgens are well known to 
induce hypogonadotropic hypogonadism. This may 
be induced by testosterone directly or by synthetic 
anabolic steroids. The subsequent suppression of 
endogenous testosterone production usually results 
in azoospermia, which is frequently reversible over 
a 3-6 month period of time. Of significance, some 
patients do not recover normal pituitary function. 
While dehydroepiandrosterone (DHEA) is commonly 
taken and easily available over the counter, there is no 
human male fertility data on this medication. Rat stud- 
ies have demonstrated no effect on spermatogenesis. 
Alpha-blockers may cause decreased ejaculate volume 
or anejaculation. This appears not to be due to retro- 
grade ejaculation and appears to be more common 
with tamsulosin than with other a-blockers [59]. Saw 
palmetto is another commonly used over-the-counter 
medication for prostate problems. Unfortunately, there 
are no human male fertility data on this drug. 
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Many antibiotics have been reported in animal 
studies to have potentially adverse effects on male fer- 
tility [60]. However, there are few human data regard- 
ing the majority of these medications. Very high doses 
of nitrofurantoin have been reported to cause early 
maturation arrest at the primary spermatocyte stage 
[61,62]. However, short-term lower-dose therapy, as 
is commonly used clinically, is not likely to be detri- 
mental. While erythromycin, tetracycline, and gen- 
tamicin have been reported to have the potential to 
adversely affect fertility, documentation of an in-vivo 
effect in humans is lacking [63]. Sulfasalazine is well 
known to cause defects in human sperm concentration 
and motility [64,65]. These effects are reversible, and 
patients with concerns about fertility should be treated 
with 5-amino salicylic acid, which does not affect 
semen parameters [66]. Cimetidine has been reported 
to have antiandrogenic effects inducing gynecomastia. 
While a decrease in sperm count was reported, no loss 
of fertility has been noted [67]. 

Immune modulators are commonly used, but unfor- 
tunately most lack clear human data. Interferon has 
been used to treat mumps orchitis. However, there are 
no human data indicating an impairment of male fertil- 
ity associated with this medication. Colchicine has been 
reported to induce oligospermia. However, this was 
reported after long-term use in patients with Behcet's 
disease. Short-term use in healthy males induced no 
effect in semen parameters [68,69]. Cyclosporine has 
been found to induce impaired fertility in rats. However, 
there are no human data [70], and there are no human 
or animal data on mycophenolate mofetil, a medication 
used commonly in transplant patients. 

Cholesterol-lowering drugs such as statins (HMG- 
CoA reductase inhibitors) have been of concern 
because of potential effects on cell membranes. While 
there are no human data indicating adverse affects, rat 
data have suggested no detrimental effects on fertility 
[71]. Chronic opioid use, whether oral or intrathecal, 
may induce hypogonadotropic hypogonadism. This 
has commonly been noted to lead to sexual dysfunc- 
tion. Effects on fertility have not been examined [72,73]. 
Epilepsy has been associated with decreased testoster- 
one levels and increased estrogen levels. In addition, 
medications used to treat epilepsy may worsen the 
hormonal abnormalities and have been associated with 
some sperm morphologic defects [74]. 


Occupational and lifestyle exposures 


Exposure to potential environmental toxins should 
be carefully noted. This includes pesticide exposure 


as well as occupational chemical exposure. Material 
safety data sheets (MSDS) may be examined for addi- 
tional information [75,76]. Exposure to lead, mercury, 
cadmium, arsenic, hydrocarbons, particular amebi- 
cide and nematocide soil fumigants, and 2-bromo- 
propane (a substitute for chlorofluorocarbons) has 
been associated with decreased spermatogenesis 
[75,77-82]. Serum levels of heavy metals should be 
obtained in patients thought to have had high expo- 
sure to these compounds. While testicular atrophy 
is commonly present in alcoholics, moderate alco- 
hol consumption does not appear to impair male 
fertility [83-86]. The effect of cigarette smoking on 
male fertility remains controversial. However, accu- 
mulating data suggest adverse effects. Studies find- 
ing decreases in semen parameters and no effect on 
semen parameters have been reported [5,50,87-91]. 
Interestingly, a recent analysis reported an increase in 
the time to conception when the male partner of a cou- 
ple smoked and the nonsmoking female partner was 
passively exposed to cigarette smoke [92]. Similarly, 
poor results during in-vitro fertilization have been 
reported in smokers [93], and impaired fertility in off- 
spring of male smokers has also been reported [94]. 
Caffeine consumption, while often questioned, does 
not appear to affect male fertility [95]. Exposure to 
excessive heat should be recorded. The use of fre- 
quent saunas and hot baths has been demonstrated 
to impair semen parameters [96-98]. These hab- 
its should be discontinued if a patient undergoing 
evaluation has been found to have impaired semen 
parameters. Workers in certain occupations - such 
as welders; drivers of industrial machinery, taxis and 
trucks; bakers; ceramic oven operators; and workers in 
submarines - have been found to have increased rates 
of infertility [99]. While the use of tight underwear is 
commonly thought to impair spermatogenesis, a large 
study has not demonstrated this effect [100]. 


Physical examination 


The physical examination of the infertile male should 
focus on identifying abnormalities that may affect 
fertility. This includes the pattern of virilization, as 
well as the patient’s secondary sexual characteristics. 
Abnormalities of androgenization suggest the pos- 
sibility of an endocrine disorder. Excessive estrogens 
or an imbalance in the estrogen-to-androgen ratio 
may result in gynecomastia. Kartagener syndrome is 
associated with immotile cilia and immotile sperm 
combined with situs inversus. Penile curvature or 
angulation should be assessed, as should the location 
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of the urethral meatus. Anatomical abnormalities 
of the penis can result in improper placement of the 
ejaculate within the vaginal vault. The scrotal contents 
should be carefully palpated with the patient stand- 
ing in a warm room. Testicular consistency should be 
noted as well as testicular size. It has been shown that 
a decrease in testicular size is often associated with 
impaired spermatogenesis [101]. This is not surprising, 
since 85% of the testis is involved in sperm production; 
consequently, when the germinal epithelium atrophies, 
loss of testicular mass occurs. Testicular volume may 
be measured with an orchidometer, or the length and 
width measured with calipers. In the normal male, the 
volume should be at least 20 mL and the greatest length 
of the testis at least 4cm [102-104]. Of note, Asian men 
typically have smaller testes. 

Examination of the epididymis should be care- 
fully performed, taking note of the presence of the 
caput, corpus, and cauda as well as whether or not 
the epididymis feels indurated or full. Obstruction of 
the genital ductal system may be suggested by a full- 
ness of the epididymis. While spermatoceles and epi- 
didymal cysts are commonly palpated, they usually do 
not indicate obstruction. Palpation of the spermatic 
cords should be performed with careful notation of 
the presence or absence of the vas deferens as well as 
any areas of vasal atrophy or nodularity. The patient 
should be examined in a standing position for the 
presence of a varicocele within the spermatic cord 
and surrounding the testicle. An increase in the ven- 
ous diameter may be noted with the patient perform- 
ing the Valsalva maneuver. Alternatively, the patient 
may distend his abdomen, which often increases intra- 
abdominal pressure without resulting in contraction of 
the cremasteric muscles. Varicoceles may be graded as 
small (grade 1) if only palpable with the patient per- 
forming the Valsalva maneuver, moderate (grade 2) 
when palpable with the patient in the standing position 
without performing the Valsalva maneuver, or large 
(grade 3) when the veins are visible through the scro- 
tal skin. Varicoceles should decrease in size when the 
patient is in the supine position. Subclinical varicoceles 
are those varicoceles identifiable only with an ancillary 
technique and not palpable or suspected on physical 
exam. We do not recommend a search for subclinical 
varicoceles. Occasionally, because of anatomic abnor- 
malities such as a small scrotum with high testes or 
very thick spermatic cords, the physical exam is inde- 
terminate. In those cases, techniques such as ultrason- 
ography may be employed. While a rectal examination 
is often recommended, the majority of abnormalities 


that are detectable on transrectal ultrasonography will 
not be noted on digital rectal examination. 


Initial laboratory testing 


Following completion of the history and physical 
examination, appropriate laboratory testing of the 
male should be performed. The cornerstone of the 
evaluation remains the completion of at least 2-3 
semen analyses. Nevertheless, the semen analysis is 
not a direct measure of fertility. While there are dif- 
ferences in overall semen parameters between fer- 
tile and infertile populations, there is a large amount 
of overlap [105]. It is important for the clinician to 
understand the difference between average semen 
parameters and those threshold values below which 
fertility becomes statistically less likely. While an 
average sperm density may be defined on the basis of 
the mean and its accompanying 95% confidence inter- 
val of a population of fertile males, samples outside of 
that range are not necessarily infertile. Thus, unlike 
the determination of normal values in other aspects of 
medicine, ranges used in evaluating semen parameters 
are based on attempts to separate fertile from infertile 
populations. Average sperm densities in populations of 
men are often reported to be in the range of 60-70 mil- 
lion sperm/mL. This average number is not the same 
as the minimal number of sperm necessary for initi- 
ating a pregnancy. In addition, it is important to real- 
ize that fertility is dependent on more than one semen 
parameter, as well as on the status of both partners. 
Thus, a patient with an average sperm count but absent 
motility will be infertile. It is also important to keep in 
mind that semen parameters that may be adequate 
for pregnancy by assisted reproductive techniques, 
including IUI, should not be confused with those 
necessarily adequate for normal pregnancy rates by 
intercourse. As sperm densities decrease, pregnancy 
rates by intercourse have also been found to decrease 
[106]. In addition, both sperm motility and morphol- 
ogy have been reported to be as important if not more 
important than sperm density [107,108]. 

In general, it is not possible on the basis of the 
semen analysis to separate infertile from fertile 
patients, since the majority of infertile men have 
some motile sperm in the semen. More correctly, 
patients may be placed in a subfertile category. In 
contrast, azoospermic patients are sterile. It has also 
become clear that equal numbers of motile sperm from 
different patients do not have the same fertilizing capa- 
bility. Thus, men treated for hypogonadotropic hypo- 
gonadism are often fertile with sperm concentrations 
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Table 10.2. Common reference ranges for semen parameters [117] 


Parameter Reference range 
Volume >2.0mL 
pH Sn 


Sperm concentration 


Total sperm count per ejaculate 40 million sperm 


= 20 million sperm/mL 


Motility > 50% with grade A + B motility or 
> 25% with grade A motility 

Morphology > 15% by strict criteria 

Viability > 75% of sperm viable 


WBC (white blood cells) < 1 million/mL 


under 5 million sperm/mL, whereas data from IVF 
centers indicate that even the motile sperm from oli- 
goasthenoteratozoospermic patients do not fertilize as 
well as equal numbers of motile sperm from normo- 
spermic patients [109,110]. While there are no univer- 
sally agreed-upon reference ranges for semen analyses, 
the World Health Organization reference values have 
been utilized increasingly (Table 10.2). While there 
are many additional tests of fertility, only the semen 
analysis is required in all patients undergoing a male 
fertility evaluation. The remaining tests should be uti- 
lized to narrow the differential diagnosis following the 
results of a history, physical examination, and semen 
analyses. 


Semen analysis 


Collection 
It is important to provide patients with specific cri- 
teria for the collection of semen specimens. In gen- 
eral, a minimum of two semen analyses should be 
obtainedfromallpatients. Consistencyin theduration 
of sexual abstinence before collection of the specimen 
should be maintained, to allow accurate comparisons 
between the samples from the same patient. Sperm 
concentration has been found to increase 25% per day 
of abstinence for the first four days, while increases in 
the seminal volume, and therefore total sperm count, 
were also increased with increased days of abstinence; 
motility and morphology remained unchanged [111]. 
Of interest, even ejaculation within the seven days 
before the beginning of the abstinence period caused a 
lowering of sperm concentration. 

When the initial semen samples have widely dif- 
ferent parameters, additional samples should be 
obtained. It is useful to explain this to the patient 


before collection of the first specimen in case addi- 
tional specimens are needed. The specimen container 
should be clean, although not necessarily sterile, and 
wide-mouthed to minimize collection error. Some 
plastics may contain residual spermicidal chemicals; 
thus, batches of containers should be checked to rule 
out spermatotoxic contaminating material. This may 
easily be performed by incubating raw semen samples 
in the plastic containers for several hours to assure 
that motility does not decrease. While in the past glass 
containers were commonly utilized, this is currently 
uncommon. Collection of the semen may be by mas- 
turbation, coitus interruptus, or with special seminal 
collection condoms devoid of spermicidal agents. 
Ordinary latex condoms may interfere with the viabil- 
ity of spermatozoa and may contain spermacides, and 
therefore should not be used. Although coitus inter- 
ruptus may be employed, it is not an ideal technique 
as the initial portion of the ejaculate may be lost. In 
addition, acidic vaginal secretions and bacteria may 
contaminate the specimen. The specimen should be 
transported to the laboratory at room or body tem- 
perature. This is easily accomplished by having the 
patient place the container in a pocket next to his body. 
The laboratory should specify how long from the time 
of ejaculation the specimen should be brought to the 
laboratory; in most laboratories this is stated to be 1-2 
hours. A specimen container should be labeled with 
the patients name, date, and time of collection, as well 
as the abstinence period. 


Physical characteristics 

Freshly produced semen is a coagulum that lique- 
fies 5-25 minutes after ejaculation. The seminal con- 
stituents responsible for coagulation originate in the 
seminal vesicles; the proteolytic enzymes that initiate 


159 


160 


Chapter 10: Office evaluation of the subfertile male 


liquefaction are found in the prostate. Patients with 
congenital bilateral absence of the vas deferens usu- 
ally have absent or hypoplastic seminal vesicles. Thus, 
semen from these patients has alow volume, is acidic, 
and does not coagulate. 

Details of the measurement of semen param- 
eters and characteristics may be found in Chapter 33. 
Abnormal viscosity is commonly reported, and it is 
important to be able to differentiate semen with failure 
of liquefaction from semen that remains hyperviscous 
after liquefaction. Since, prior to liquefaction, semen 
consists of a coagulum, nonliquefied semen remains 
a coagulum following ejaculation. In contrast, hyper- 
viscous semen is semen that has liquefied and becomes 
less of a coagulum after ejaculation. However, its con- 
sistency remains thicker than normal. Normally lique- 
fied semen may be poured drop by drop, in contrast 
to hyperviscous semen, which forms thick strands 
instead of drops. While in the past hyperviscous and 
nonliquefied semen have been thought to be causes 
of infertility, it is unclear if this is actually the case. 
Normal postcoital tests have been reported in patients 
with nonliquefied semen, while sperm have been 
found in the cervical mucus before semen liquefaction 
[112]. Although some have ascribed hyperviscosity to 
genital tract infections, this is not supported by current 
data [113]. If hyperviscous or nonliquefying semen 
is reported, a postcoital test (PCT) may be obtained. 
The presence of normal numbers of motile sperm in 
the cervical mucus strongly suggests that the consist- 
ency of semen is not a factor in the couple's infertility. 
In those instances when the PCT demonstrates few 
motile sperm in association with good-quality cervi- 
cal mucus, semen processing and IUI using the male 
partner’s sperm may be employed. 


Concentration 

The term sperm count typically refers to the sperm 
density reported as millions of sperm per milli- 
liter of semen. An accompanying parameter, total 
sperm count, generally refers to the total number of 
sperm within the whole ejaculate. This is obtained by 
multiplying the sperm concentration by the seminal 
volume. There are a variety of methods to determine 
sperm concentration. The majority utilize counting 
chambers in which sperm are counted within a grid. 
Recent data have demonstrated significant differences 
in sperm counts depending on the type of chamber 
used [114,115]. Samples in which no sperm are identi- 
fied should be centrifuged, and the pellet examined for 
the presence of spermatozoa. 


Motility and forward progression 

Motility refers to the percentage of sperm demon- 
strating any motion, whereas forward progression 
is a qualitative assessment of the relative speed with 
which spermatozoa move in a forward direction. 
There are two common scoring systems in use. In one, 
a five-point scale is utilized, with a rating of 0 indicat- 
ing no motility, 1 indicating sluggish or nonprogres- 
sive movement, 2 referring to sperm moving with a 
slow, meandering, forward progression, 3 indicating 
movement in a reasonably straight line with moderate 
speed, 4 indicating sperm movement with high speed 
ina straight line [116]. The report indicates the motility 
category of the majority of moving sperm. An alterna- 
tive system categorizes all of the moving sperm into one 
of four categories: category A indicates rapid progres- 
sive motility, B represents sluggish or slowly progres- 
sive motility, C is motility that is nonprogressive, and 
D indicates lack of motility. The percentage of sperm 
falling into each category is reported [117]. 

Clumps of agglutinated sperm occasionally appear 
in semen specimens; significant amounts of sperm 
agglutination are suggestive of the presence of the 
antisperm antibodies. Under wet-mount micros- 
copy, round cells without tails are commonly iden- 
tified. These should be properly termed round cells. 
Both immature germ cells, such as spermatocytes, 
and white blood cells may have this appearance. The 
presence of excessive numbers of round cells should 
be recorded. Subsequent assays may be used to differ- 
entiate between immature germ cells and white blood 
cells. Because nonmotile sperm may be alive, the term 
necrospermia should not be used unless a sperm via- 
bility assay has demonstrated that all sperm are non- 
viable. In those cases in which motility is less than 
5-10%, a viability stain should be used to determine 
if the immotile sperm are alive. A high percentage of 
viable nonmotile sperm suggests the presence of an 
ultrastructural abnormality, such as primary ciliary 
dyskinesia. Electron microscopy of the spermatozoa 
to examine the sperm cytoskeleton may be utilized to 
confirm the diagnosis (see Chapter 11). 


Morphology 

The microscopic examination of sperm shape (mor- 
phology) is a sensitive index of the state of the germinal 
epithelium [118]. While a rough gauge of morphology 
can be obtained using wet-mount microscopy with 
a phase-contrast microscope, detailed and accurate 
evaluation requires stained cytological smears. The 
traditional evaluation of sperm morphology classifies 
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sperm as normal if they do not fit into one of several 
defined categories. A common classification scheme 
classifies sperm as normal (oval), amorphous (includ- 
ing large and small sperm), tapered, duplicated, and 
immature. The observation of spermatozoa recovered 
from postcoital cervical mucus, or from the surface of 
zona pellucida, has led to more strict criteria to define 
normal spermatozoa (see Chapter 34) [119-122]. 
There are multiple morphology scoring systems cur- 
rently in use with no consensus among laboratories. 
Currently, lower limits ofnormal of 60%, 30%, 14%, and 
4% are in use. Thus interpretation of the morphology 
score on the semen analysis report requires that the 
physician be familiar with the individual laborato- 
ry’s classification system. The physician must also be 
aware of what clinical studies have been done to allow 
interpretation of various levels of normal morphologic 
forms. Initial studies utilizing strict morphologic cri- 
teria studied patients undergoing IVE, and reported 
better fertilization rates in those with greater than 14% 
normal forms by strict criteria than in those with less 
than 14% normal forms. Further studies reported that 
the poorest fertilization rates occurred in those withless 
than 4% normal forms. Thus some laboratories report 
a normal threshold of greater than 4% while others 
report its being greater than 14% [123]. Similar prob- 
lems exist when morphology scores are used to predict 
pregnancy rates with IUI [124-126] and with inter- 
course [103,105,127]. What has become clear is that 
pregnancies are possible when morphology scores 
are low, and therefore morphology scores should not 
be used in isolation from other parameters. 


Computer-assisted semen analysis 

Effortsto improve upon the manual semen analysis have 
resulted in computer-assisted semen analyses (CASA). 
Most systems utilize video with multiple frames that are 
then analyzed to determine specific semen parameters. 
In addition to motility, sperm concentration, and in 
some cases sperm morphology, additional parameters 
that are not measurable manually are often reported. 
The average distance per unit time between sequential 
positions of individual sperm is known as the curvi- 
linear velocity. In contrast, the straight-line velocity is 
the speed of the sperm ina forward direction. This cor- 
relates with manual methods of determination of the 
forward progression [128]. The straight-line velocity 
divided by curvilinear velocity yields linearity. CASA 
systems are often used to measure hyperactivation, 
which is a state sperm obtain following capacitation. 
Hyperactivated sperm demonstrate large-amplitude 


Table 10.3. Distribution of semen abnormalities in 8758 


patients 

Azoospermia 4% 
Predominance of a single abnormal parameter 29% 
Motility 18% 
Volume 2% 
Morphology 7% 
Density 2% 
Defects in two or more parameters 37% 
All parameters normal 30% 


movements of the head and tail with slow or nonpro- 
gressive motility [129 130]. The clinical utility of these, 
as well as other CASA-derived semen parameters, 
remains limited. Advantages of CASA systems include 
the ability to obtain precise quantitative data as well 
as the potential for standardization of semen analy- 
sis procedures. However, these advantages have been 
largely overshadowed by disadvantages including a 
lack of standardization in procedures, which may affect 
the results, as well as the significant expense of acquir- 
ing the equipment [131]. While CASA remains a valu- 
able research tool, it has not proven itself more useful 
in the clinical arena than the manual semen analysis 
[132-134]. 


Interpretation of the initial 
evaluation 


Following the history, physical examination, and ini- 
tial semen analysis, a differential diagnosis should be 
developed. Additional laboratory studies may then 
be employed to further refine the diagnosis and help 
determine management options. The results of the 
initial evaluation may be utilized in diagnostic algo- 
rithms, which direct the clinician to obtain pertinent 
diagnostic tests in a systematic and organized manner 
and with the least chance of omitting appropriate steps. 
When this approach is used, semen analysis results 
may be categorized into (1) all parameters normal; (2) 
azoospermia (lack of sperm in the semen); (3) diffuse 
abnormalities in sperm density, sperm morphology 
and motility; and (4) isolated problems restricted to 
one parameter of the semen evaluation such as sem- 
inal volume, sperm density, motility, or morphology. 
Utilizing our own patient population, we have calcu- 
lated the frequencies of these classifications of subcat- 
egories (Table 10.3). 
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Normal semen parameters 


The finding of normal semen parameters raises the 
possibility of a female factor, inappropriate coital 
habits, erectile dysfunction, defects in sperm func- 
tion, or the presence of antisperm antibodies. The 
term unexplained infertility is used to characterize 
infertility in which female factors have been ruled out 
and the male has a normal evaluation with normal 
semen parameters. Consideration should be given 
to testing for the presence of antisperm antibodies in 
the male. While uncommon, some men with normal 
semen parameters have a functional defect interfering 
with the ability of sperm to fertilize eggs. This may be 
diagnosed with the use of sperm function testing such 
as the sperm penetration assay, hemizona assay, acro- 
some reaction testing, reactive oxygen species (ROS) 
determination, or DNA fragmentation analysis . If 
functional defects are identified, the male evaluation 
should be repeated to try to identify any reversible 
causes. If no etiologies are identified, then the couple 
with clear sperm functional defects should be directed 
towards IVF with ICSI. In those cases of unexplained 
infertility without sperm function defects, IUI com- 
bined with controlled ovarian hyperstimulation or 
IVF may be considered. 


Azoospermia 

The term azoospermia refers to the absence of sperm 
from the semen. This should be differentiated from 
a dry ejaculate in which no antegrade semen is pro- 
duced. The first step in evaluating an azoospermic 
patient is to be certain that the semen is truly azoosper- 
mic by centrifuging the specimen [135]. It is not unu- 
sual to find sperm in the specimen of a patient initially 
reported to be sterile. In this instance, total ductal 
obstruction or complete lack of spermatogenesis has 
been ruled out. Azoospermia is commonly categorized 
into either obstructive azoospermia or nonobstructive 
azoospermia. The term nonobstructive azoosper- 
mia refers to a lack of sperm production, whereas 
obstructive azoospermia implies adequate sperm 
production in the presence of obstruction of the duc- 
tal system. The physician should take careful note dur- 
ing the physical exam of the testicular size and presence 
of the vas deferens, and should obtain a serum FSH. 
These parameters will help differentiate between the 
various causes of normal-volume azoospermia. Low 
testicular volume suggests a nonobstructive azoosper- 
mic etiology. Congenital bilateral absence of the vas 
deferens (CBAVD) is diagnosed by physical exam. This 


defect is usually due to a mutation in the cystic fibrosis 
transmembrane regulator gene (CFTR) [136]. Semen 
from CBAVD patients is commonly low-volume and 
azoospermic with an acidic pH. A small proportion 
of patients may have vasal agenesis due to a non- 
cystic-fibrosis-mediated embryologic defect. These 
cases are often associated with renal anomalies, spe- 
cifically unilateral absence of the kidney [137]. Thus a 
renal ultrasound should be obtained. Normal testicu- 
lar size is generally found in these patients. Because 
spermatogenesis is normal, a screening FSH should be 
obtained. The presence of a normal testicular volume 
and a normal FSH is a sufficient evaluation for diag- 
nosis. A diagnostic testicular biopsy is not required in 
these patients unless the history, the physical exam, 
or the finding of an elevated FSH suggests a sperm- 
atogenic defect. 

The finding of atrophic testes suggests a 
spermatogenic defect. This may be primarily due to 
an inherent testicular dysfunction or secondarily due 
to a hormonal deficiency. Thus azoospermic patients 
with normal seminal volumes and palpable vas def- 
erens should have FSH and testosterone levels meas- 
ured. The finding of small testes in association with a 
low FSH and testosterone suggests hypogonadotropic 
hypogonadism, and the patient’s LH and prolactin 
levels should be evaluated. Low gonadotropin levels 
associated with an elevated prolactin level raise the 
possibility of a pituitary prolactinoma, and a pitui- 
tary MRI should be obtained. The finding of atrophic 
testes and elevated FSH levels indicates germ cell fail- 
ure. It is important to realize that the normal ranges 
of FSH commonly utilized in commercial laboratories 
may have been determined from males whose fertil- 
ity status was unknown. Thus patients with normal 
sperm production typically have FSH values in the 
lower end of the normal range (less than 5-6 mIU/ 
mL). Levels above this should raise the suspicion of 
a defect in spermatogenesis. While patients with nor- 
mal spermatogenesis bilaterally usually have FSH lev- 
els in the low normal range, it should be kept in mind 
that an FSH above this range does not rule out intact 
spermatogenesis. Patients with unilateral testicu- 
lar disease may have elevated FSH levels. In patients 
with elevated FSH levels, a diagnostic testicular biopsy 
should only be performed in conjunction with sperm 
retrieval if IV F/ICSI is being considered. Patients with 
nonobstructive azoospermia due to a primary tes- 
ticular defect and not due to a hormonal deficiency 
should be offered genetic testing consisting of a 
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karyotype and a Y-chromosome microdeletion anal- 
ysis (see Chapter 15). If abnormalities are found, the 
couples should be offered genetic counseling prior to 
proceeding with assisted reproductive techniques. 

The finding of normal-sized testes in the presence 
of a normal FSH raises the possibility of obstructive 
azoospermia. Genetic testing should also be offered to 
these patients. A testicular biopsy is required to differ- 
entiate between spermatogenic defects and obstruction. 
IfIVF/ICSI is an option, the diagnostic biopsy should be 
performed in conjunction with sperm retrieval. Sperm 
may be cryopreserved for later use in an IVF/ICSI cycle. 
The presence of normal spermatogenesis on the biopsy 
indicates obstructive azoospermia. Scrotal exploration 
with microscopic vasotomy and sampling of the vas fluid 
with either vasal irrigation or standard contrast vasogra- 
phy may be performed. The absence of sperm in the vas 
fluid suggests a more proximal obstruction. The pres- 
ence of sperm in the vas fluid in association with inabil- 
ity to irrigate fluid distally in the vas deferens indicates a 
more distal obstruction. The rare finding of sperm in the 
vas fluid and a normal ability to irrigate the vas deferens 
distally, in the presence of normal-volume azoospermia, 
suggests the possibility of ectopic entrance of the distal 
vas deferens into the genitourinary system. 

When performing vasography, retrograde injec- 
tion towards the epididymis should be avoided, as it 
may cause epididymal trauma and extravasation sec- 
ondary to increased intraductal pressure. Generally, 
bilateral vasograms are not necessary. A unilateral pat- 
ent vas is all that necessary to rule out obstruction as 
the cause of azoospermia. Epididymal obstruction can 
often be appreciated at the time of scrotal exploration 
when dilated epididymal tubules are identified under 
magnification during examination of the epididymis. 
Microsurgical epididymostomy of an individual epi- 
didymal tubule with inspection of the fluid in the oper- 
ating room under high dry magnification (x 400) can 
verify the presence of sperm. If epididymal obstruction 
is encountered, vasoepididymostomy using the tech- 
niques described in Chapter 21 should be performed. 
When the vasogram results demonstrate normal pat- 
ency in the absence of sperm in the vasal fluid and the 
presence of nondilated epididymal tubules, considera- 
tion should be given to the obstruction of the efferent 
ductules or rete testis. 

Low-volume azoospermic semen specimens 
may be due to hypogonadism (low testosterone lev- 
els), ejaculatory duct obstruction, or seminal vesicle 
absence or hypofunction. Both patients with bilateral 


ejaculatory duct obstruction and patients with CBAVD 
(whichis usually associated with absence or hyperplasia 
of the seminal vesicles) produce low-volume, azoosper- 
mic, and acidic semen specimens. In all patients with 
low-volume ejaculates (see next section) postejaculate 
urine should be obtained to rule out retrograde ejacula- 
tion. In patients with low-volume azoospermic semen 
specimens, retrograde ejaculation with sperm found 
only in the urine is very unusual. This is in contrast to 
those patients with dry ejaculates, in whom retrograde 
ejaculation, with sperm found in the postejaculate 
urine, is much more common. If retrograde ejacu- 
lation is identified, attempts may be made to initiate 
antegrade ejaculation with sympathomimetic agents. 
Alternatively, urinary alkalinization may be achieved 
and sperm may be retrieved from voided urine, or cul- 
ture medium may be instilled into the empty bladder 
prior to ejaculation. The medium may then be voided 
and sperm retrieved for IUI or IVF (see Chapter 26). If 
the postejaculate urine does not contain spermatozoa 
the seminal vesicles and the ejaculatory ducts should be 
examined with transrectal ultrasonography (TRUS). 
Historically, obstruction of the ejaculatory ducts was 
evaluated through the use of seminal fructose measure- 
ments, but the advent of TRUS has made this unneces- 
sary (Chapter 20). Dilated seminal vesicles suggestive 
of ejaculatory duct obstruction may be aspirated at the 
time of the TRUS. The presence of millions of sperm 
identified under wet-mount microscopy of the semi- 
nal vesicle aspirate is diagnostic of ejaculatory duct 
obstruction [138]. In addition, the finding of sperm in 
the seminal vesicle fluid indicates the presence of intact 
spermatogenesis. Patients with these characteristics do 
not need testis biopsies for diagnosis. If ejaculatory 
duct obstruction is identified, transurethral resection 
of the ejaculatory ducts may be an option (Chapter 23). 
In those azoospermic patients with low-volume ejacu- 
lates and in whom no ejaculatory duct obstruction is 
identified by TRUS, the evaluation should proceed as 
for normal-volume azoospermia. 

In a series of 133 azoospermic patients, biopsies 
were performed in 101 cases and 41% demonstrated 
normal spermatogenesis. The remainder of the 
azoospermic patients had testicular failure: Sertoli- 
cell-only (38%), maturation arrest (20%), or focal 
scarring (2%) [139]. 


Multiple semen abnormalities 


The finding of defects in sperm density, motil- 
ity, and morphology are commonly referred to as 
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oligoasthenoteratozoospermia (OAT). By far the 
most common cause of this pattern is varicocele. The 
presence of a varicocele is a clinical diagnosis based 
on physical examination, and routine use of ancillary 
testing is not indicated (Chapter 18). Ancillary tech- 
niques such as ultrasonography or venography may 
be utilized when the physical exam is suboptimal but 
suggestive of the varicocele - as in those patients who 
are obese, have very small scrotums, or are unable to 
tolerate a physical exam due to a vasovagal response 
[140]. Transient distresses such as heat from the envi- 
ronment or from fevers should be considered if they 
have occurred within three months prior to obtain- 
ing the semen analysis. Additional causes of OAT 
include environmental toxins, drugs or medications, 
and cryptorchidism. Finally, the possibility of partial 
ejaculatory duct obstruction should be considered, 
as it may be associated with low seminal volume and 
defects in the majority of semen parameters [141]. 
While some have advocated diagnosis and treatment 
of these patients, the criteria for diagnosis remain 
unclear. Clinicians should be careful in utilizing par- 
tial ejaculatory duct obstruction to explain what is, 
more commonly, idiopathic male infertility. 


Defects in isolated semen parameters 


Approximately 30% of patients have isolated defects 
in seminal volume, sperm density, motility, or morph- 
ology (Table 10.3). 


Defects in seminal volume 

Complete ejaculatory failure, also called aspermia, 
ora dry ejaculate, exists when no fluid is produced in 
an antegrade fashion during the male orgasm. This 
should be differentiated from azoospermia, in which 
semen is produced in an antegrade fashion but there 
are no sperm present within the semen. Ejaculatory 
failure may be due to retrograde ejaculation, in 
which semen flows in a retrograde fashion into the 
bladder, or due to failure of emission, in which there 
is no semen expulsed through the vas deferens and 
ejaculatory ducts into the urethra. Common causes 
of ejaculatory failure include neurologic abnormalities 
such as spinal cord injury, diabetes mellitus, and mul- 
tiple sclerosis, and, in addition, the use of a-blockers. 
Approximately 10% of patients taking tamsulosin 
report ejaculatory dysfunction. This appears to be 
much less common with the nonselective a-blockers, 
as well as with alfuzosin [59]. Retroperitoneal surgery, 
including colon surgery and retroperitoneal lymph 


node dissections, may also impair ejaculation. True 
absence of ejaculation should be differentiated from 
complete inability to obtain orgasm, which may be due 
to medications such as serotonin reuptake inhibitors or 
to psychological disturbances. 

Much more common than complete lack of 
ejaculation are low-volume ejaculate specimens. The 
most common cause of this finding is an incomplete 
collection. Multiple specimens should be obtained 
to be sure that low volume is a consistent finding. 
In addition, the patient should be questioned to be 
sure the specimen results from a complete collec- 
tion. Finally, partial retrograde ejaculation is another 
common cause of low-volume ejaculates. The previ- 
ously mentioned neurological disorders, medica- 
tions, and bladder neck or prostatic surgery, as well as 
idiopathic causes, should be considered. Evaluation 
of low-volume azoospermia is discussed above, in the 
section on azoospermia. Some patients are unable to 
collect complete specimens by masturbation. The use 
of special seminal collection condoms will allow the 
collection of a specimen through intercourse. The 
abstinence period should be recorded for each speci- 
men, since short abstinence periods will result in lower 
seminal volumes. Postejaculate urine analysis should 
be performed in all patients with absent ejaculation 
and low-volume nonazoospermic semen specimens. 
Specimens are most easily obtained by having the 
patient urinate prior to ejaculation. The patient is then 
instructed to ejaculate, and any antegrade specimen 
is collected into one container. The patient may then 
void into a second container. The urine is centrifuged 
at =300 x g for 10 minutes and the pellet examined. In 
those patients with aspermia, the presence of any sperm 
in the postejaculate urine indicates either retrograde 
ejaculation or at least the passage of some semen into 
the urethra. In those patients with low-volume nona- 
zoospermic semen specimens, the finding of greater 
numbers of sperm in the urine than in the antegrade 
specimen indicates at least a functionally important 
component of retrograde ejaculation. It should also 
be kept in mind that the finding of any sperm in 
postejaculate urine in azoospermia rules out com- 
plete bilateral ductal obstruction. In the absence of 
sperm in the postejaculate urine, ejaculatory duct 
obstruction should be suspected. Complete bilateral 
ejaculatory duct obstruction will result in azoosper- 
mic, low-volume, and acidic semen specimens. The 
workup of these patients is described in the section on 
azoospermia. It is important to keep in mind that both 
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congenital bilateral absence of the vas deferens and 
isolated ejaculatory duct obstruction may have these 
findings. A careful physical examination will identify 
those patients with CBAVD. Transrectal ultrasono- 
graphy should be obtained to rule out ejaculatory duct 
obstruction [142]. In the presence of low-volume non- 
azoospermic semen specimens, the diagnosis of partial 
ejaculatory duct obstruction by TRUS remains contro- 
versial and should not be made without seminal vesicle 
aspiration. While some would advocate the perform- 
ance of resection of the ejaculatory ducts in these cases, 
others would utilize sperm in the antegrade ejaculate 
for the assisted reproductive techniques. A large ejacu- 
late volume (>5 mL) may in theory dilute the sperm 
density and thereby cause subfertility. This occurrence 
is extremely uncommon and should only be suspected 
when there is an abnormal postcoital test despite ade- 
quate total sperm per ejaculate. In these instances, IUI 
combined with semen processing, which concentrates 
the sperm into a smaller volume, may be considered. 


Azoospermia 


Examine pellet 


R/O nonpalpable vas 


W/U for oligospermia 


Measure semen volume 


Semen volume 
<1.0 mL 


W/U for low-volume 
azoospermia 


Semen volume 
> 1.0 ml 


W/U for normal-volume 
azoospermia with normal FSH 


Defects in sperm concentration 

In some patients, the only abnormality in the semen 
analysis is a decrease in the sperm density (<20 million 
sperm per mL). In patients with less than 10 million 
sperm per mL, serum FSH and testosterone should 
be determined. In those patients with less than 5 mil- 
lion sperm per mL, a karyotype and Y-chromosome 
microdeletion analysis should also be considered. If 
deficiencies in gonadotropins are identified, a com- 
plete endocrine evaluation should be performed 
(Chapter 12). The finding of an elevated FSH may 
indicate a primary testicular defect. Most commonly, 
oligospermia is idiopathic. While varicoceles are com- 
monly associated with decreases in sperm density, 
decreases in other sperm parameters such as motility 
usually accompany these findings. If hormonal defi- 
ciencies and genetic abnormalities have been ruled out, 
remaining treatment options include empiric medical 
therapy (Chapter 25) and assisted reproductive tech- 
niques, such as IUI and IVF/ICSI. 


Fig. 10.1. (A-C) Algorithms for the 
workup of azoospermia. CBAVD, con- 
genital bilateral absence of vas deferens; 
ED, ejaculatory duct; FSH, follicle-stimu- 
lating hormone; hCG, human chorionic 
gonadotropin; ICSI, intracytoplasmic 
sperm injection; LH, luteinizing hormone; 
MRI, magnetic resonance imaging; R/O, 
rule out; T, testosterone; TDI, therapeutic 
donor insemination; TRUS, transrectal 
ultrasonography; TURED, transureth- 

ral resection of ejaculatory duct; 

W/U, workup; YCMD, Y-chromosome 
microdeletion. 
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B Normal-volume 
azoospermia 
(vas present) 


FSH, T, karyotype, YCMD 
Normal or TFSH 
Karyotype or YCMD Karyotype or YCMD 
Abnormal normal 


Genetic 
counseling 


Possible sperm retrieval 


TDI 
Adoption TFSH FSH Normal 
Spermatogenic Testis biopsy 


failure with sperm retrieval 


Sperm retrieval 
TDI 
Adoption 


Obstruction 


Vasography 
with TDI 
microsurgery Adoption 


Defects in motility 

The term asthenospermia refers to defects in sperm 
movement. This may be manifested by a low percent- 
age of sperm that demonstrate any movement (motil- 
ity) or by sperm that move forward slowly (poor 
forward progression). Prolonged abstinence periods, 
genital tract infections associated with pyospermia, 
antisperm antibodies, spermatozoal ultrastructural 
defects, partial ejaculatory duct obstruction, vari- 
coceles, defective transport through the genital duc- 
tal system, and idiopathic causes may account for 
asthenospermia. Asthenospermia should be differenti- 
ated from sperm agglutination, which is the clumping 
together of individual spermatozoa identified under the 
microscope. Both asthenospermia and the presence of 
sperm agglutination suggest the presence of antisperm 


Fig. 10.1 continued 


UFSH 


Hypogonodotropic 
hypogonadism 
LH, prolactin 
Pituitary MRI 


R/O pituitary tumor 
Treat with FSH/hCG 


Spermatogenic 
failure 


Sperm retrieval 


antibodies. In general, it is preferable to use direct assays, 
since these determine the presence of sperm-bound 
antisperm antibodies, as compared with indirect assays 
that determine the presence of antisperm antibodies in 
a body fluid, such as serum (Chapter 16). If antibody- 
positive, these patients may be treated with immuno- 
suppressive steroids; however, the effectiveness of this 
medical treatment is low and there is the risk, albeit 
small, of serious side effects, such as aseptic necrosis of 
thehip. More commonly, patients are directed towards 
IUI or ICSI. Patients with isolated asthenospermia will 
not have hormonal deficiencies; therefore, hormone 
assays are not indicated in this patient population. 
Nonmotile sperm in the semen specimen are most 
commonly dead and therefore not viable. The clinician 
should consider the possibility of the semen specimen 
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Fig. 10.1 continued 
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TURED 


Nonobstructive 
azoospermia 


Sperm retrievall/ICSI 


TDI 
Adoption 


TURED with possible vasography and 


vasoepididymostomy 


being exposed to contaminants within the container 
or to extremes of temperature, or extremely prolonged 
abstinence periods. 

The complete absence of motility, or instances with 
less than 5-10% motility, also suggests the possible 
presence of ultrastructural defects in the spermatozoa. 
In these instances, a viability assay should be obtained. 
If all sperm are nonviable, necrospermia accurately 
describes the condition. In contrast, the finding ofa high 
proportion of viable sperm with extremely low motil- 
ity is consistent with the presence of an ultrastructural 
defect. In these instances, sperm should be evaluated by 
electron microscopy. The most common of such abnor- 
malities include primary ciliary dyskinesia, also know as 
immotile cilia syndrome. When this is combined with 
situs inversus, it is known as Kartagener syndrome. 


Defects in morphology 

Teratozoospermia refers to defects in sperm mor- 
phology. This has been reported increasingly with 
the application of “strict” criteria. The majority of the 
cases are idiopathic, while varicoceles and temperature 
insults to spermatogenesis are also potential causes. 
Rare ultrastructural defects, such as the presence of 
round-headed sperm (globozoospermia), are charac- 
terized by an absence of acrosome [139,143]. While 
these cases may be treated with ICSI, pregnancy rates 
have been low. 


Other abnormalities of semen 

The presence of increased numbers of round cells in 
the semen suggests pyospermia. A study to differen- 
tiate between immature germ cells and white blood 
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cells should be considered. In cases of true pyosper- 
mia, the patient should be evaluated for Mycoplasma 
genitalium and Chlamydia trachomatis. These tests 
can be performed utilizing urine assays that use 
polymerase chain reaction (PCR) techniques. While 
semen cultures for bacteria have been advocated, the 
specimens are commonly contaminated by distal 
urethral organisms [144]. As previously mentioned, 
hyperviscosity should rarely be suspected as a cause 
of infertility. 


Fig. 10.2. Algorithm for the workup 

of absent or low-volume ejaculate. ART, 
assisted reproductive technologies; ED, 
ejaculatory duct; ICSI, intracytoplasmic 
sperm injection; TDI, therapeutic donor 
insemination; TRUS, transrectal ultrason- 
ography; TURED, transurethral resection 
of ejaculatory duct. 


ED obstruction 


Aspirate 
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ART 
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Sperm retrieval/ICS| 


Additional laboratory tests 


After the history, physical examination, and initial 
semen analyses, the algorithms shown in Figures 10.1- 
10.4 are used to narrow down the differential diag- 
noses. Often additional testing is indicated. It should 
be emphasized that supplemental testing may be called 
for only when required to help narrow down diagnos- 
tic possibilities or to help in determining patient man- 
agement. The etiologic categories of a large population 
of our patients are presented in Table 10.4. 
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Hormonal studies 


The performance of a hormonal evaluation serves 
two purposes in the evaluation of the subfertile 
male: to identify endrocrinological abnormalities 
causing male infertility, or to yield prognostic infor- 
mation that is useful in the management of the male. 
Indications for hormonal testing include evidence 
from the patient’s history suggestive of hormonal 
abnormalities, such as complaints of sexual dysfunc- 
tion or decreased libido, or particular findings on phys- 
ical examination, such as decreased androgenization 
or gynecomastia. However, the most common indi- 
cation is oligospermia, with the vast majority of hor- 
monal abnormalities being found in men with sperm 
densities of less than 10 million sperm per mL [145]. 
While gonadotropins are secreted episodically, pooled 


Karyotype and 
YCMD 
normal 


Fig. 10.3. Algorithm for the workup of 
oligospermia. FSH, follicle-stimulating 
hormone; hCG, human chorionic 
gonadotropin; IUI, intrauterine insemin- 
ation; IVF, in-vitro fertilization; LH, lutein- 
izing hormone; MRI, magnetic resonance 
imaging; R/O, rule out; T, testosterone; 
YCMD, Y-chromosome microdeletion. 
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FSH, T, 
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hormonal studies are seldom required, since a single 
determination performed in the morning rarely inac- 
curately determines a patient's true clinical endocrine 
status. Morning determinations should be performed 
becausetestosteroneis secreted diurnally, withhigher 
levels in the morning. However, doing so consistently 
and routinely is often not feasible due to scheduling 
difficulties. Pooled samples should be reserved for 
those situations when the results of a single deter- 
mination do not fit the patient’s clinical evaluation 
[146]. In patients with sperm densities of less than 
10 million sperm per mL, determination of FSH and 
testosterone should be obtained. The most common 
abnormality identified is an elevated FSH, which gen- 
erally indicates an impairment of spermatogenesis. In 
contrast, a normal FSH may be present with normal 
spermatogenesis or impaired spermatogenesis. 


169 


170 


Chapter 10: Office evaluation of the subfertile male 


Asthenospermia 
Antisperm antibody 
assa 
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Fig. 10.4. Algorithm for the workup of 
asthenospermia. ART, assisted reproduct- 
ive technologies; ED, ejaculatory duct; 
ICSI, intracytoplasmic sperm injection; 
R/O, rule out; TRUS, transrectal ultrason- 
ography; TURED, transurethral resection 
of ejaculatory duct. 
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True endocrinologic causes of male infertility are 
uncommon, being present in less than 3% of cases 
[145]. If deficiencies in FSH or testosterone are noted 
on the initial hormonal evaluation, repeat studies 
with the addition of LH and prolactin should be con- 
sidered (see Chapter 12). 


Quantification of leukocytes in semen 


Some infertile patients have numerous round cells 
in their semen. Both leukocytes and spermatocytes 
(immature germ cells) appear similar under wet-mount 
microscopy and therefore shouldbe referred to as round 
cells. While many laboratories report these as white 
blood cells, their presence usually cannot be accurately 
determined without special staining techniques. The 


Electron 
microscopy 


Ultrastructural defect 
Consider ICSI 


WHO considers more than 1 million white blood cells 
per mL to be abnormal. Thus consideration should be 
given to performing white blood cell staining of semen 
in those patients with > 1 million round cells per mL, 
or more than 10-15 round cells per high-powered 
field (see Chapter 17). There remains controversy about 
the significance of true pyospermia. Many patients with 
pyospermia do not have documented infection, and 
not all studies demonstrate decreased fertility rates in 
couples with increased numbers of leukocytes in the 
semen [147]. Pyospermia is more frequent in patients 
with genital tract infection and in patients with infer- 
tility [148,149]. Bacterial cultures are not always posi- 
tive in cases with pyospermia [150]. Approximately 
one-third of patients with excess round cells in the 
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Table 10.4. Distribution of final diagnostic categories found 
in a male infertility clinic 


Category Number % 
Immunologic 121 - 
Idiopathic 1535 32.6% 
Varicocele 1253 26.6% 
Obstruction 720 15.3% 
Normal female factor 503 10.7% 
Cryptorchidism 129 2.7% 
Ejaculatory failure 95 2.0% 
Endocrinologic 70 1.5% 
Drug/Radiation 64 14% 
Genetic 56 1.2% 
Testicular failure 52 1.1% 
Sexual dysfunction 22 0.7% 
Pyospermia 25 0.5% 
Cancer 20 0.4% 
Systemic disease 15 0.3% 
Infection 10 0.2% 
Torsion 5 0.1% 
Ultrastructural 5 0.1% 
Total 4710 100.0% 


semen will be found to have true pyospermia, with 
the remainder having increased numbers of imma- 
ture germ cells and not true pyospermia [151]. Those 
patients with true pyospermia should be evaluated 
for genital tract infection (see Chapter 17). The treat- 
ment of pyospermia in the absence of genital tract infec- 
tion remains controversial. Suggested treatments have 
included empiric antibiotic therapy, anti-inflammatory 
medications, frequent ejaculations, and prostatic mas- 
sage. Despite a lack of proven efficacy [152], considera- 
tion may be given to semen processing to remove the 
leukocytes. The processed sperm may then be utilized 
for IUI or IVE. 


Antisperm antibodies 


Despite the availability of antisperm antibody assays 
for many years, the indications for testing, the inter- 
pretation of the tests, and the management of immuno- 
logic infertility remain controversial. Risk factors for 
the development of antisperm antibodies include any 
process that may have potentially disrupted the blood- 
testis barrier, including obstruction of the genital tract. 
The finding of immotile sperm with a shaking motion 


on a postcoital test has correlated with the presence of 
antisperm antibodies [153-155]. Additional indica- 
tions have included asthenospermia or sperm aggluti- 
nation as well as unexplained infertility. Management 
strategies have ranged from attempts to decrease the 
production of antisperm antibodies to semen process- 
ing techniques to remove the antibodies or the use of 
ICSI to bypass potential fertilization problems induced 
by the antibodies (see Chapter 16). 


Functional assays 


The standard semen analysis measures objective param- 
eters of semen such as sperm count, motility, or seminal 
volume. Although these variables may correlate with fer- 
tilization, they do not directly measure those processes 
required for fertilization. For fertilization to occur in 
vivo, a sperm must be able to reach the site of the ovum 
by traversing the cervical mucus, undergo capacitation 
and the acrosome reaction, fuse with the oolemma, and 
be incorporated into the ooplasm. There are currently a 
variety of functional assays that measure the ability of 
the sperm to progress through these various stages. 

The sperm-cervical mucus interaction is generally 
measured by the PCT. The ability of sperm to undergo 
capacitationandtheacrosome reaction may beevaluated 
through acrosome reaction assays, which determine the 
percentage of sperm able to undergo the acrosome reac- 
tion, as well as the sperm penetration assay. The ability 
of sperm to bind to the zona pellucida may be evaluated 
by the hemizona assay. These specialized tests of sperm 
function are discussed in Chapter 11. 


Additional tests 


Additional tests, including those that measure react- 
ive oxygen species (ROS) in semen, are being used 
with increasing frequency. While small amounts 
of ROS are normally present in semen, higher con- 
centrations may injure sperm plasma membranes 
and induce DNA strand breaks [156] (see Chapters 
11 and 39). Recent studies have demonstrated that 
sperm from subfertile males have poorer DNA integ- 
rity than sperm from fertile males. The roles of these 
tests remain controversial, and they are discussed in 
Chapters 11 and 40. 


Conclusions 

While there are a variety of sophisticated assays and 
investigations into the etiology of male infertility, the 
basic evaluation of the subfertile male remains founded 
on the performance of a proper history, physical 
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examination, and basic semen analyses. Additional 
diagnostic tests are utilized in specific instances as sug- 
gested in the algorithms (Figs 10.1-10.4). The follow- 
ing chapters will provide details of further specialized 
diagnostic tests as well as specific causes of infertility. 
At the conclusion of the evaluation, the physician 
should evaluate options for improving the male’s fer- 
tility status and thus allowing the couple to conceive 
by intercourse. In addition, the physician should be 
aware of the appropriate role of assistive reproduct- 
ive techniques that allow the use of spermatozoa that 
might be present. In some instances both approaches 
may be employed so that patients with azoospermia or 
severely low sperm counts may be treated, with result- 
ant improvement in the semen parameters. While 
the semen parameters may not normalize, they may 
improve to the point where other treatment options 
such as IUI are available. Options for both surgical and 
medical treatment of the subfertile male are discussed 
in depth in subsequent chapters. Finally, it is impor- 
tant to keep in mind that adoption and donor sperm 
insemination remain viable management choices. 
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Introduction 

The diagnosis of male infertility has traditionally been 
based, to some extent, on the results of the conventional 
semen analysis (e.g., oligospermia, azoospermia). 
This has resulted in great emphasis on the individual 
semen parameters (sperm concentration, motility, 
and morphology) in our discussion and understand- 
ing of male infertility. However, a number of studies 
have demonstrated that the diagnostic value of the 
conventional semen analysis is modest at best [1,2]. 
In fact, individual semen parameters exhibit signifi- 
cant variability and cannot be used to reliably pre- 
dict male fertility potential. Consequently, there has 
been an ever-growing need to develop new tests or 
markers of male fertility potential that may predict 
reproductive outcomes and further our understand- 
ing of the pathophysiology and diagnosis of male 
infertility [3]. 

Over the past several decades, a number of in-vitro 
tests have been developed to assess various functional, 
biochemical, and molecular markers of sperm health. 
These tests include measurements of sperm move- 
ment, cervical mucus penetration, the acrosome reac- 
tion, zona pellucida binding, sperm-oocyte fusion, and 
sperm reactive oxygen species (ROS) production. Tests 
of sperm DNA damage and sperm chromosome anom- 
alies have also been developed. Taken together, these 
advanced sperm tests yield information on the fertilizing 
capacity of human spermatozoa, as well as their ability 
to support normal embryonic development. These tests 
also can be used to assess male reproductive function in 
the context of toxicology studies. It is unlikely that there 
will ever be a single sperm fertility test that alone can 
diagnose male infertility. One must recognize that each 
of the advanced sperm fertility tests can only measure a 
very specific aspect of sperm function, and that no sin- 
gle test simultaneously measures every aspect of sperm 
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health. It is also important to note that in the human 
ejaculate there are different populations of spermato- 
zoa (e.g., motile, nonmotile, nonviable), and that a test 
result may reflect the functional characteristics ofa sub- 
population of spermatozoa (e.g., motile) from the entire 
ejaculate. Finally, the specific nature of these sperm tests 
and the generally low frequency of test-specific abnor- 
malities in infertile men makes large-scale screening of 
male partners not cost-effective. Therefore, the applica- 
tion of advanced sperm fertility tests should be carefully 
tailored to the individual. 

The advent of intracytoplasmic sperm injec- 
tion (ICSI, a technique that overcomes many sperm 
function defects) has, to some extent, undermined 
the clinical value of sperm fertility tests because 
the success of this technique is largely independ- 
ent of sperm function. On the other hand, ICSI has 
raised concerns regarding the quality of the paternal 
genetic material that is introduced into the oocyte. 
Specifically, there is some concern that utilizing ICSI 
and bypassing natural selection barriers may increase 
the risk of iatrogenic transmission of DNA-damaged 
and/or aneuploid spermatozoa [4]. In this chapter, 
we will review the biological and clinical aspects of 
several advanced sperm fertility tests. We will evalu- 
ate the diagnostic and prognostic value of these func- 
tional tests and provide, wherever possible, a rational, 
evidence-based approach to the use of these tests in 
the assessment of the infertile man. It is important to 
note that for most of these tests the prognostic value 
of the test was only evaluated in the context of one, or 
rarely two, reproductive outcomes (e.g., fertilization 
rate at IVF [in-vitro fertilization], IUI [intrauterine 
insemination] pregnancy, IVF pregnancy). To date, 
no advanced sperm fertility test can predict all repro- 
ductive outcomes in the context of all forms of assisted 
reproductive technologies (ART). 
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Motility defects 


Defects in sperm movement may be due to extrinsic 
factors, such as collection artifacts, prolonged abstin- 
ence, genital tract infections associated with pyosper- 
mia, partial ejaculatory duct obstruction, varicoceles, 
defective transport through the genital ductal system, 
antisperm antibodies, or, less commonly, to primary 
sperm abnormalities such as ultrastructural sperm 
defects or enzyme deficiency [5]. When motility is 
less than 5-10% or completely absent, the possibility 
of ultrastructural defects in spermatozoa should be 
considered. In these instances, some type of testing to 
determine whether the nonmotile sperm are viable or 
dead should also be performed. 


Viability assays 


Dye exclusion assays 

Viability assays are based on the ability of live sperm 
to exclude certain dyes, while dead sperm will allow 
the dye to penetrate and thus stain the cell. Protocols 
utilizing either trypan blue or eosin Y may be utilized 
[6] (Fig. 11.1). The absence of staining in the major- 
ity of cells indicates high viability, whereas the pres- 
ence of staining indicates dead sperm. The finding of 
a high percentage of viable sperm in the presence of 
extremely low motility strongly suggests the presence 
of an ultrastructural (cytoskeletal) sperm defect. Since 
the sperm are killed in the vital staining process, they 
cannot be used subsequently for ART. 


Hypo-osmotic sperm swelling assay 

The hypo-osmotic swelling test (HOS) is based on the 
ability of viable sperm to maintain an osmotic gradient 
across the cell membrane. If live sperm are placed in 


Fig. 11.1. Sperm viability stain with eosin Y. Live sperm do not take 
up the stain (dark arrows) while nonviable sperm stain orange- 
yellow (white arrows). See color plate section. 


hypotonic media, water will enter the cell and cause the 
cell to increase in volume. In sperm, this becomes evi- 
dent in the tail region, where swelling of the sperm tail 
may be easily seen using phase-contrast microscopy 
(Fig. 11.2). While some have proposed that this test be 
performed routinely along with the semen analysis in 
all patients, in the majority of instances the results do 
not change patient management. Currently the test is 
utilized as a diagnostic test with the same indications 
as a standard dye exclusion viability assay - for samples 
with less than 5-10% motility to determine if the non- 
motile sperm are alive or dead. The finding of a high 
percentage of sperm with tail swelling (live sperm) in 
the presence of extremely low motility strongly sug- 
gests the presence of an ultrastructural defect. In con- 
trast, the finding of no tail swelling in the majority of 
sperm in combination with extremely low motility 
suggests that the nonmotile sperm are dead. Unlike dye 
exclusion viability assays, the HOS assay does not kill 
sperm. Asa result this assay has recently been utilized 
in a therapeutic manner in couples undergoing ICSI 
when only nonmotile sperm are present in the semen 
specimen. An HOS test may allow the technician to 
pick out viable nonmotile sperm, which then may be 
utilized for ICSI [7]. As expected, there is a close cor- 
relation between the results of dye viability assays and 
hypo-osmotic sperm swelling testing [8]. 


Fig. 11.2. Hypo-osmotic swelling test. Viable sperm demonstrate 
tail swelling, which appears as coiled tails. See color plate section. 
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Electron microscopy 

Electron microscopy is indicated for those samples 
with less than 5-10% motility associated with high 
viability as measured by either a dye viability assay or 
hypo-osmotic sperm swelling testing. The most com- 
mon abnormalities involve the structure of the sperm 
tail, with defects in either the axoneme or outer dense 
fibers. The axoneme normally contains microtubules 
in a 9 + 2 pattern with inner and outer dynein arms 
connecting the peripheral microtubules to the central 
doublet. The absence of both the inner and outer dynein 
arms is one of the most common defects identified in 
patients withimmotile but viable sperm. Additional pat- 
terns seen in this patient population include an absence 
of either the inner or outer dynein arms, or abnormal 
positions of the microtubules or central doublet, as well 
as absence of the radial spokes [8-10]. Of note, identical 
defects are not necessarily identified in all spermatozoa 
of a given sample. Thus, some spermatozoa may main- 
tain motility, indicating that the condition is heteroge- 
neous [11,12]. The defects are commonly present in the 
cilia of the respiratory tract as well, and the condition is 
known as primary ciliary dyskinesia or immotile cilia 
syndrome [13]. Patients with these defects may have a 
history of chronic sinus infections and bronchiectasis. 
Fifty percent of these patients also have situs inversus, 
in which instance the condition is known as Kartagener 
syndrome. Although a variety of genetic mutations 
exist, only a minority of them have been identified [14]. 
These ciliary abnormalities generally have an autosomal 
recessive inheritance pattern. Sperm from patients with 
these patterns have been used in ICSI; although preg- 
nancies have resulted, fertilization rates are generally 
quite low [15]. Okada et al. (1999) identified an asso- 
ciation between the rare 9 + 0 microtubule configura- 
tion of men presenting with immotile sperm who were 
also found to have adult polycystic kidney disease - an 
important cause of end-stage renal disease, highlight- 
ing the importance of testing and counseling of couples 
with these rare sperm defects [16]. 

Defects in structures other than the axoneme have 
also been identified in patients with impaired motil- 
ity. The fibrous sheath surrounds both the outer dense 
fibers and the axoneme [17]. Extremely poor or absent 
motility is associated with dysplasia of the fibrous 
sheath. Spermatozoa with this defect have short thick 
flagella that may have irregular shapes, leading to the 
term “stump tail syndrome” [18]. Complete and par- 
tial forms have been described, with 20-30% of sperm 
being motile in the partial variety. Disorganization and 


hypertrophy of the fibrous sheath are noted on electron 
microscopy. While defects in certain genes have been 
noted in some patients, the genetic abnormality in the 
majority of patients remains unknown [18]. Less com- 
mon abnormalities in the outer dense fibers resulting 
in dyskinetic sperm movement has been reported [19]. 
Globozoospermia refers to the absence of the acrosome 
as well as the cytoskeletal protein calicin. These sperm 
appear as round-headed sperm under wet-mount 
microscopy. The classic form (type I) is characterized 
by acomplete absence of the acrosome and the inability 
of sperm to fertilize human eggs. Sperm with a type II 
defect contain hypoplastic acrosomes and may retain 
some ability to fertilize ova [20]. Similar to primary 
ciliary dyskinesia, sperm from these patients have 
been utilized for ICSI, with low pregnancy rates [21]. 
Abnormalities of the connecting piece of the sperm- 
atozoa lead to the separation of the head from the 
tail, yielding headless motile flagella. These are often 
referred to as pinheaded sperm on a standard semen 
analysis report. However, electron microscopy reveals 
the absence of nuclear material on the tails. Defects in 
the junctional apparatus connecting the flagella to the 
sperm head have been identified. However, the genetics 
of this abnormality remain unknown [22]. While ICSI 
is being utilized for cases of ultrastructural abnor- 
malities, caution should be observed, since there are 
likely genetic bases for these conditions. 


Cervical mucus interaction 

The postcoital test (PCT) assesses the ability of sperm 
to traverse the cervical mucus. The PCT is performed 
by examining the cervical mucus several hours after 
intercourse for the presence of sperm. This test should 
be scheduled just prior to ovulation in the periovula- 
tory phase of the woman’s menstrual cycle, at which 
point the cervical mucus becomes clear and thin. A 
drop of cervical mucus is examined under wet-mount 
microscopy for the presence of sperm [23]. While there 
remains some disagreement on how the test should be 
performed, as well as how it should be graded, a nor- 
mal test result is usually defined as one in which there 
are more than 10-20 sperm per high-powered field 
(x 400), the majority of which demonstrate progressive 
motility. An abnormal PCT result suggests that a cervi- 
cal factor or a semen deposition abnormality may be 
involved in the couple's infertility, but there are many 
other causes for an abnormal result. A frequent cause 
for an abnormal PCT is inappropriate timing because 
the test was performed on the wrong day of the cycle. 
In addition, a significantly abnormal semen analysis 
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can be expected to be associated with an abnormal 
PCT result. Therefore, when the male has a signifi- 
cantly impaired semen analysis, the PCT seldom offers 
useful information and is not indicated. The presence 
of antisperm antibodies on the sperm or in the cervi- 
cal mucus may result in an abnormal PCT [24]. The 
finding of sperm that appear to be immobilized with 
a shaking motion in the cervical mucus is particularly 
suspicious for the presence of antisperm antibodies. 
Additional causes of abnormal PCTs include inap- 
propriately performed intercourse or anatomic abnor- 
malities in either partner. While there remains some 
controversy as to the value of the PCT in the evalua- 
tion of the infertile couple, recent studies suggest it 
to be useful in approximately 50% of couples [25,26]. 
Because of the difficulties with variability of the PCT, 
in-vitro assays have been developed to try to standard- 
ize the evaluation of the interaction of the sperm and 
cervical mucus [27-30]. These in-vitro assays currently 
are not commonly used because the results generally 
do not change the management of the couple. However, 
the standard PCT should be utilized when the clinician 
thinks the results will affect choice of treatment [31]. 
Conditions such as unexplained infertility, low- 
volume semen specimens with normal total sperm 
counts, and hyperviscous semen may benefit from 
the performance of postcoital testing. The finding of 
a persistently abnormal PCT in the presence of rela- 
tively good semen parameters suggests a defect in the 
quality of the cervical mucus. The gynecologist usu- 
ally performs this evaluation at the time of the PCT. 
The mucus is rated by its pattern of ferning and spin- 
nbarkeit. The finding of good-quality cervical mucus 
indicates that timing of the PCT is likely appropriate. 
The finding of no sperm in cervical mucus of good 
quality suggests the possibility of abnormal coital tech- 
nique as well as a sperm deposition abnormality, such 
as might be present with hypospadias. 


Sperm acrosome reaction 

The acrosome is a cap-like vesicle that surrounds 
the anterior two-thirds of the sperm head. During 
spermiogenesis, the Golgi apparatus progressively 
envelopes the spermatid nucleus. The acrosome, there- 
fore, is originally derived from the Golgi apparatus and 
contains the proteolytic enzymes acrosin andhyaluroni- 
dase [26]. These acrosomal enzymes help spermatozoa 
penetrate the zona pellucida (ZP), the egg’s glycopro- 
tein shell [32]. 


The acrosome reaction (AR) isa naturally occurring 
exocytotic process that involves fusion of the sperm 
plasma membrane and outer acrosomal membrane, 
a process that results in the release of the acrosomal 
contents, e.g., proteolytic enzymes [33]. The egg’s ZP 
is the natural stimulus for the AR, although a number 
of natural and artificial substances have been shown to 
induce the AR in vitro. Under normal circumstances, 
only those spermatozoa that have undergone capaci- 
tation (a maturational process that involves a series of 
membranous and biochemical modifications) can be 
acrosome-reacted [33]. One can assess the acrosomal 
status (acrosome-reacted or nonacrosome-reacted) of 
human spermatozoa using fluorescent lectins that bind 
to the outer acrosomal membrane (Arachis hypogaea 
agglutinin) orto the acrosomal contents (Pisumsativum 
agglutinin) [34-36]. In nonacrosome-reacted cells the 
probes generate a uniformly labeled acrosomal cap, and 
in acrosome-reacted cells only the equatorial segment 
of the sperm head is labeled. Simultaneous assessments 
of cell viability can help distinguish nonphysiological 
“acrosomal loss” from physiological AR [35]. 

Although the physiologic relevance of measur- 
ing AR in vitro is unknown, the meaningful applica- 
tion of the AR as a clinical test requires assessment 
of both baseline (spontaneous AR) and stimulated 
AR. As would be expected, the incidence of spontane- 
ous AR in ejaculated human sperm populations is low, 
i.e., approximately 5% of ejaculated spermatozoa are 
acrosome-reacted [37]. The incidence of AR increases 
when spermatozoa are incubated with a capacitating 
agent to induce sperm capacitation and, subsequently, 
with an AR stimulant. Known AR stimulants include 
A23187 (a divalent cation ionophore that induces 
changes in intracellular calcium and pH), progester- 
one (P, a steroid), and the human ZP (the physiologic 
inducer) [38-42]. It is important to note that only a 
small subset (~10-25%) of spermatozoa can undergo 
capacitation and, subsequently, be made to acrosome- 
react. Moreover, it is unknown whether the subset of 
spermatozoa that undergo the AR in vitro ultimately 
have the capacity to fertilize the oocyte in vivo. 

TheclinicalapplicationoftheARtesthasrevealed 
two types of defects associated with male infertil- 
ity: AR prematurity and AR insufficiency. AR pre- 
maturity, defined as a high level of spontaneous AR 
(>20% of spermatozoa exhibiting spontaneous AR), 
has been associated with reduced capacity to fer- 
tilize at IVF [37,43]. AR insufficiency, defined as a 
poor responsiveness to AR stimulants (generally, 


Chapter 11: Evaluation of sperm function 


Table 11.1. Relationship between the stimulated acrosome reaction and fertilization at IVF 

Study n r-value TV Sensitivity Specificity NPV PPV Stimulant? 
Fenichel, 1991 [44] 4 = 21 92 53 77 80 A23187 
Henkel, 1993 [45] 74 = 10 7) 66 50 82 Cold 
Pampiglione, 1993 [46] 54 = 31 50 Oe) 85 100 A23187 
Yovich, 1994 [47] 7 = 10 82 56 56 82 A23187 
Calvo, 1994 [48] 232 0.37 10 55 7) 75 49 FF 

Parinaud, 1995 [49] i7 0.34 20 54 is 88 31 A23187 
Krausz, 1996 [50] 60 049 7 85 VI 93 59 Progesterone 
Krausz, 1996 [50] 59 0.31 17 57 5 88 35 A23187 
Sukcharoen, 1996 [51] 73 Negative - - - - - A23187 
Carver-Ward, 1996 [52] 129 0.68 10 100 82 95 100 A23187 
Esterhuizen, 2001 [53] 35) 0.95 15 93 100 88 90 Human ZP 
Liu & Baker, 2003 [42] 65 0.58 16 80 86 - - Human ZP 
Bastiaan, 2003 [54] 30 - 8 100 63 92 100 Human ZP 


2 AR stimulant or ionophore. 


n, number of treatment cycles; r, Spearman rank order or Pearson correlation between IAR and fertilization; TV, threshold value of AR; 
PPV, positive predictive value; NPV, negative predictive value; Human ZP, solubilized human zona pellucida; FF, follicular fluid. 


<10% difference between spontaneous and induced 
AR), has also been associated with reduced sperm 
fertilizing capacity (Table 11.1). 

Several independent researchers have assessed the 
clinical value of the stimulated AR (SAR) (Table 11.1). 
Several studies have shown that the SAR can help pre- 
dict fertilization at conventional IVF, but the predictive 
value parameters (e.g., negative predictive value [NPV], 
positive predictive value [PPV]) vary from one study 
to another [42,4454]. Overall, the test appears to be 
valuable in counseling couples prior to a planned IVF: 
in those couples witha poor SAR score (generally, <10) 
ICSI rather than conventional IVF would be recom- 
mended. The AR test may also be of value in predicting 
pregnancy at IUI and IVE although there are few sup- 
porting studies in this respect [37,55]. Ultimately, each 
laboratory should evaluate the predictive value of the 
SAR with its own patient population before clinically 
applying the test. The SAR possesses some inherent 
weaknesses as a clinical test and there are some varia- 
tions in test conditions that make it difficult to evaluate 
inter-laboratory differences in test results. 

(1) The meaningful application of the test requires 

that it be applied to samples with normal or near- 

normal sperm parameters (normal motility/ 

viability is a requisite to undergo capacitation 

and AR) and, as such, the test is limited to a small 

subset of infertile males. Indeed, Liu et al. have 

shown that there is a high frequency (~80% overall) 


of defective sperm-ZP interaction and ZP-induced 
AR in oligospermic infertile men, suggesting 

that the test is of no clinical value in these men 
[56]. Overall, it has been estimated that ~10% of 
infertile men with normal semen parameters have 
a defective or low ZP-induced AR [53,57]. 

(2) There is no consensus amongst the laboratories as 
to the best stimulant or ionophore (e.g., A23187, 
solubilized ZP, intact ZP). This is particularly 
important, because there is no relationship 
between the intact ZP-induced AR (or sperm-ZP 
penetration) and A23187-induced AR [58]. 

The A23187-induced (as well as the P-induced) 
AR involves all spermatozoa in the medium. 

In contrast, the ZP-induced AR reflects only 
those spermatozoa that can bind to the ZP and, 
therefore, spermatozoa that possess good motility 
and morphology and an intact acrosome. 

(3) There is no consensus amongst the laboratories 
as to the exact cutoff or threshold AR value that is 
most predictive of reproductive outcomes. 

(4) The AR test requires the use of fresh semen 
samples, making it impossible to send samples to 
a distant reference laboratory for AR testing or 
assessment of inter-laboratory variability. 

(5) A positive control sample (known fertile control with 
anormal response to an AR stimulant) is generally 
tested along with the patient sample in order to 
ensure that the AR test is not falsely negative. 
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Overall, the data suggest that the AR test can help 
predict fertilization at conventional IVF and, as such, 
may be valuable in counseling couples prior to planned 
IVF or ICSI. The test is particularly useful in men with 
normal (or near-normal) semen quality. The test may 
also be of value in predicting pregnancy at IUI and IVE 
However, the AR possesses some weaknesses as a clin- 
ical test. The AR test requires the use of a fresh sample 
(with simultaneous assessment of a control sample), 
in-vitro induction of the AR with one of several stimu- 
lants (each with differing potency), and the establish- 
ment of a laboratory-specific threshold value, which 
varies from one center to another. 


Sperm penetration assay 

Cross-species fertilization of ova is prevented by the 
zona pellucida, a glycoprotein layer that surrounds the 
ovum [59]. The sperm penetration assay (SPA) uti- 
lizes hamster ova, which have had the zona pellucida 
enzymatically removed, allowing penetration by 
human spermatozoa [60]. In this assay, human sperm 
are processed and allowed to capacitate. The sperm are 
then incubated with zona-free hamster oocytes. For 
penetration to occur, sperm must undergo capacitation, 
the acrosome reaction, fusion with the oolemma, and 
incorporation into the ooplasm. Since the zona pellu- 
cida is removed, defects limited to binding of the sperm 
to the zona pellucida will not be detected by this assay. 
Scoring of the original assay involved determining the 
percentage of ova that had been fertilized. Normal sam- 
ples are generally found to penetrate more than 10-30% 
of ova. Incubation of the sperm in more potent capaci- 
tating media allows for the majority of oocytes to be 
penetrated. In this modified assay, scoring is based on 
the number of sperm that have penetrated each ovum. 
Despite general agreement about the basis for the SPA, 
the protocols utilized for the assay have varied signifi- 
cantly from institution to institution. In addition, there 
have been several generations of revisions, which have 
made it difficult to compare studies [61-65]. Results of 
SPAs have generally correlated with semen parameters 
[66]. In addition, studies have reported correlations 
between the results of SPA and pregnancy by inter- 
course as well as by IVF [67-72]. However, not all stud- 
ies have reported good correlations [73,74]. In general, 
if the test is normal, the patient’s sperm will usually be 
able to fertilize human ova in vitro. Indeed, patients’ 
sperm which have failed the SPA have, in some cases, 
been able to fertilize human ova in vitro. However, 
with optimized assays, semen samples that fertilize 


no hamster eggs usually are unable to fertilize human 
ova. Because of the variable correlations between SPA 
results and clinical outcomes in different laboratories, 
the clinician utilizing this test should be familiar with 
the laboratory performing the test and what correla- 
tions have been documented between the results of the 
assay and specific clinical outcomes. The SPA should 
not be used as a routine test for all couples undergo- 
ing fertility evaluations. The assay may be considered 
in those patients who are candidates for regular IVF or 
IUI but have low morphology scores. Couples who fail 
the SPA may be better served by ICSI than by IUI or 
IVE Some clinicians also recommend the test in cou- 
ples with unexplained infertility to help direct couples 
towards IUI or ICSI. Those couples with semen sam- 
ples with very poor parameters usually will be candi- 
dates only for ICSI, and therefore will not benefit from 
this assay. The SPA is occasionally indicated in those 
couples with semen samples with good parameters that 
have poor fertilization results in IVE This may help 
determine the presence of an unexplained fertilization 
defect. However, most of these couples are directed 
toward ICSI in subsequent cycles, and therefore will 
not benefit from this assay. 


Hemizona assay 

The hemizona assay uses zona pellucida from nonferti- 
lizable, nonliving oocytes. The zona pellucida is micro- 
scopically divided in half. Each half is then incubated 
with either fertile donor sperm or patient’s sperm. The 
number of sperm bound to each zona half is deter- 
mined anda ratio, called the hemizona index, is calcu- 
lated by dividing the number of bound sperm from the 
patient by the number of bound sperm from the fertile 
donor [75]. The limited availability of human oocytes 
has significantly limited the practical application of 
this test. 

Patients whose sperm have demonstrated low 
hemizona indices have been reported to perform 
poorly in IVF and IUI [75]. Most studies have con- 
sidered samples abnormal if the hemizona index is 
less than 30-40% [2,76]. Because micromanipulation 
techniques are required to perform this assay, it is 
not frequently used. A variation allowing use of zona 
without micromanipulation through the use of sperm 
labeled with different colored fluorochromes has been 
described but has not gained widespread use [77]. In 
addition, zonae pellucidae derived from cadavers and 
failed IVF cycles have also been utilized [78,79]. This 
assay is most useful when no fertilization has occurred 
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in IVF in the presence of a normal SPA. Since the SPA 
is performed without the zona pellucida, sperm that 
havea defect limited to zona pellucida binding have the 
capacity to fuse with the oolemma and therefore will 
not demonstrate this particular zona pellucida binding 
defect. Nevertheless, in the majority of cases, couples 
with abnormal fertilization will have broad defects not 
limited to abnormal zona binding that will be picked 
up by other sperm function assays [80]. With the avail- 
ability of ICSI, most cases of failed IVF will proceed to 
ICSI, and therefore will not require a hemizona assay. 


Semen ROS 


Reactive oxygen species (ROS) are ubiquitous in 
aerobic biologic systems and are formed as a by-prod- 
uct of oxygen metabolism. ROS (also referred to as free 
radicals) include the superoxide anion (O), hydrogen 
peroxide (H,O,), and the highly potent oxidant, the 
hydroxyl radical (OH) [81]. Superoxide anion is 
generated as a by-product of aerobic metabolism [81]. 
The superoxide anion can then either spontaneously 
dismutate or be converted by the enzyme superoxide 
dismutase (SOD) to H,O,. The enzymes catalase or 
glutathione peroxidase then convert H,O, to water 
and oxygen, eradicating the ROS. Alternatively, both 
superoxide anion and hydrogen peroxide can be 
neutralized by nonenzymatic antioxidants such as 
albumin, glutathione, and hypotaurine, as well as 
vitamins C and E [82-84]. 

The high ROS levels observed in some patho- 
logic conditions, e.g., semen of some infertile men, 
imply an imbalance between ROS production and 
ROS degradation or scavenging by antioxidants in 
seminal plasma. These high ROS levels produce a state 
known as oxidative stress that can lead to biochemi- 
cal or physiologic abnormalities with subsequent cel- 
lular dysfunction or cell death [85]. In contrast to the 
pathologic effects of excess ROS production, small 
amounts of ROS may be necessary for the initiation 
of critical sperm functions, including capacitation 
and the acrosome reaction [86,87]. These findings 
stress the importance of a balance between ROS scav- 
enging and low physiologic levels of ROS, necessary for 
normal sperm function. 

The detrimental effects of ROS on spermato- 
zoa were suggested more than 60 years ago with the 
demonstration that exposing sperm to oxygen results 
in sperm toxicity [88]. Later studies confirmed that 
human spermatozoa and semen leukocytes have the 
capacity to generate ROS, and that significant levels of 


ROS can be detected in the semen of 25% of infertile 
men [89,90]. Fertile men do not have detectable levels 
of semen ROS [90,91]. It has been demonstrated that 
activated leukocytes have a greater capacity to generate 
high levels of semen ROS and, consequently, increased 
sperm dysfunction than do spermatozoa [85,92]. The 
production of oxidants by semen leukocytes can be 
significant and can overcome the antioxidant defense 
afforded by seminal plasma. Human seminal plasma 
is a rich source of enzymatic (superoxide dismutase, 
catalase) and nonenzymatic (vitamins, etc.) antioxi- 
dants, and these are believed to protect spermatozoa 
from oxidative injury [85]. Spermatozoa also have the 
capacity to generate high levels of semen oxidants. In 
the absence of leukocyte contamination, the exces- 
sive elaboration of ROS by spermatozoa is corre- 
lated with the abnormal retention of residual sperm 
cytoplasm [93]. 

The susceptibility of human spermatozoa to oxi- 
dative stress stems from the limited capacity of these 
cells to protect themselves from oxidative injury and 
the abundance of unsaturated fatty acids in the sperm 
plasma membrane [89,94]. The unsaturated fatty acids 
provide the fluidity that is necessary for sperm motil- 
ity and membrane fusion events such as the acrosome 
reaction and sperm-egg interaction, both required 
for natural fertilization. However, the unsaturated, 
double-bonded nature of these molecules predisposes 
them to lipid peroxidation. Once lipid peroxidation has 
been initiated, accumulation of lipid peroxides occurs 
on the sperm surface, with ensuing sperm dysfunction 
and sperm death [89,94]. Oxidative damage to DNA 
represents an additional mechanism for the adverse 
action of ROS on spermatozoa [95,96]. Semen ROS 
are generally measured by detection of chemilumines- 
cence. Briefly, this is done by incubating fresh semen or 
sperm suspensions with a redox-sensitive, light-emit- 
ting probe, e.g., luminol, and by measuring the light 
emission over time with a light meter (luminometer). 
Sperm-specific (e.g., PMA) or leukocyte-specific (e.g., 
FMLP) stimulants can enhance the chemiluminescent 
signal [97]. Sperm ROS can also be measured by using 
cellular probes coupled with flow cytometry [98]. 

Several independent researchers have assessed the 
clinical value of semen ROS determination. Studies 
have shown that infertile men typically have higher 
semen ROS levels than fertile men, and that the pres- 
ence of leukocytospermia (in both fertile and infer- 
tile men) is associated with high semen ROS levels 
[90,91]. Determination of semen ROS levels may 


183 


184 


Chapter 11: Evaluation of sperm function 


Table 11.2. Relationship between ROS levels in washed sperm samples and fertilization at IVF 


Study n r-value TV 

Krausz, 1994 [97] 27 NS none 
Yeung, 1996 [100] 75 NS none 
Sukcharoen, 1996 [51] 73 -022 none 
Sukcharoen, 1996 [51] 73 -030 none 
Sukcharoen, 1996 [51] 73 —0.28 none 
Moilanen, 1998 [101] 86 NS none 
Marchetti et al., 2002 [98] 45 NS none 
Zorn, 2003 [102] 41 Inverse none 
Saleh, 2003 [103] 10 —0.59 none 
Hammadeh, 2006 [104] 26 -0.26 none 


Method Enhancer Stimulant 
Chemiluminescence Lumino FMLP + PMA 
Chemiluminescence Lumino = 
Chemiluminescence Lumino = 
Chemiluminescence Lumino FMLP 
Chemiluminescence Lumino PMA 
Chemiluminescence Lumino FMLP + PMA 
Flow cytometry - - 
Chemiluminescence Lumino = 
Chemiluminescence Lumino = 
Colorimetric assay - - 


PMA, 12-myristate, 13-acetate phorbol ester; FMLP, N-formyl-methionyl-leucyl-phenylalanine; n, number of treatment cycles; 
r, Spearman rank order or Pearson correlation between ROS levels and fertilization; TV, threshold value of ROS levels; NS, not 


significant (P > 0.05). 


allow clinicians to establish a more specific diagnosis 
of male infertility with the potential to design more 
specific therapies for these men [99]. Aitken et al. 
observed an inverse relationship between semen ROS 
levels and spontaneous pregnancy outcome ina cohort 
of 139 untreated infertile couples [61]. However, no 
other studies have supported these findings. 

Several studies have evaluated the relation- 
ship between semen ROS and fertilization during 
IVF [51,97,98,100-104]. Some of these studies have 
reported a significant inverse relationship between 
sperm ROS levels and fertilization rate at conventional 
IVE. However, an equal number of studies have failed 
to demonstrate a significant relationship between ROS 
levels and fertilization rates (Table 11.2). Therefore, 
the clinical value of semen ROS determination in pre- 
dicting IVF outcome remains unproven. Semen ROS 
determination possesses some inherent weaknesses 
as a clinical test. First, there is no established cutoff or 
threshold semen ROS level or value that can be used 
to predict reproductive outcomes. Second, semen ROS 
determination requires the use of fresh semen samples, 
making it impossible to send samples to a distant refer- 
ence laboratory for ROS determination or assessment 
of inter-laboratory variability. Finally, the protocol for 
ROS determination varies from laboratory to labora- 
tory. Determination of semen ROS levels may allow 
clinicians to establish a more specific diagnosis of male 
infertility, and may be useful in predicting spontane- 
ous pregnancy outcome, although there is only one 
study supporting this speculation. The value of semen 


ROS determination in the context of IVF is inconclu- 
sive, since only half of the reported studies support 
its application. 


Sperm DNA damage 

Mammalian fertilization involves the direct interaction 
of the sperm and oocyte, fusion of the cell membranes, 
and union of male and female gamete genomes [105]. 
Thecompletion ofthis process, and subsequent embryo 
development, depends in part on the inherent integrity 
of the sperm DNA [106]. Indeed, there appears to be a 
threshold of sperm DNA damage (i.e., DNA fragmen- 
tation, abnormal chromatin packaging, protamine 
deficiency) beyond which embryo development and 
pregnancy are impaired [106,107]. There is evidence 
to show that the spermatozoa of infertile men pos- 
sess substantially more DNA damage than spermato- 
zoa of fertile men, and that sperm DNA damage may 
adversely affect reproductive outcomes [108-111]. 
The study of sperm DNA damage is particularly rele- 
vant in an era when advanced forms of assisted repro- 
ductive technologies (ART) are frequently utilized, 
and when barriers to natural selection are bypassed. 
However, our understanding of the etiology (or eti- 
ologies) of sperm DNA damage and the full impact of 
this sperm defect on reproductive outcomes in humans 
remains rudimentary. 

This section will briefly review our current under- 
standing of (1) the organization of sperm DNA, (2) 
the potential etiologies of sperm DNA damage, (3) 
the impact of sperm DNA damage on reproductive 
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capacity, and (4) the clinical utility of tests of sperm 
DNA damage. 


Human sperm DNA and chromatin structure 
Sperm chromatin is tightly compacted by virtue of 
associations between the DNA, the nuclear matrix, 
and sperm nuclear proteins. During the later stages of 
spermatogenesis, spermatid nuclear remodeling and 
condensation is associated with the displacement of 
histones by transition proteins and then by protamines 
[112]. Inhumans, upto 15% ofthenuclear DNA remains 
packaged by histones in sequence-specific areas [113]. 
Disulfide cross-links between the cysteine-rich pro- 
tamines are responsible for further compaction and 
stabilization, and it is thought that this nuclear com- 
paction is important in protecting the sperm genome 
from external stresses such as oxidation or tempera- 
ture elevation in the female reproductive tract [114]. 
Although the bulk of the sperm DNA is nuclear, a small 
fraction is mitochondrial in origin. Sperm mitochon- 
drial DNA is small (16.5 kb) circular DNA that is not 
bound to any proteins [115]. 


Etiology of sperm DNA damage 

The etiology of sperm DNA damage, much like male 
infertility itself, is multifactorial and may be due to 
primary testicular or external factors. Sperm DNA 
damage is clearly associated with male infertility, but a 
small percentage of spermatozoa from fertile men also 
possess detectable levels of DNA damage [108-111]. 


Primary testicular factors 

Sperm DNA damage may be the result of abnormal 
germ cell apoptosis. Sakkas et al. have proposed that 
some of the spermatozoa with DNA damage have ini- 
tiated and then subsequently escaped apoptosis, i.e., 
“abortive apoptosis” [116]. Advanced paternal age and 
exposure to gonadotoxins have been associated with 
reduced levels of germ cell apoptosis and an increase 
in the percentage of ejaculated spermatozoa with DNA 
damage [117,118]. 

Sperm protamine deficiency has been implicated in 
the etiology of sperm DNA damage. Protamine defi- 
ciency (partial or complete) is frequently seen in sperm 
samples from infertile men but not in those of fertile 
men [119,120]. Studies in mice with a targeted disrup- 
tion of the protamine gene [107,121] and in humans 
with a single nucleotide polymorphism (SNP) in the 
protamine gene (PRM1) [122] suggest a link between 
protamine deficiency and sperm DNA damage. This 
association suggests that the DNA damage is due, in 


part, to a defect in spermiogenesis, the period during 
which sperm protamines are deposited. 

High levels of ROS are detected in the semen of 25% 
of infertile men, and have been associated with sperm 
DNA damage [123,124]. The DNA damage may be 
due to sperm- or leukocyte-derived ROS, suggesting, 
respectively, that DNA damage may be due to a primary 
testicular (ie., spermiogenesis) or a post-testicular 
(e.g., genital tract inflammation) defect [125,126]. 


Extratesticular (external) factors 

A number of extrinsic factors have also been associated 
with sperm DNA damage. External factors include 
exposure to chemotherapy, radiation, and cigarette 
smoke [127,128]. Genital tract inflammation, testicu- 
lar hyperthermia, and varicocele are specific condi- 
tions that have also been associated with sperm DNA 
damage [125,126,129]. 


Influence of sperm DNA damage on 
reproductive outcomes 


Sperm DNA integrity and reproductive outcomes after 
in-vivo fertilization 

Couples in whom the man has a high percentage of 
spermatozoa with DNA damage (DNA fragmenta- 
tion or DNA oxidation) have a reduced potential for 
natural fertility [108,109,130]. However, pregnancy 
rates by intercourse were 40% even in those couples 
with abnormal sperm DNA integrity testing [108]. 
Moreover, there is a non-statistically significant trend 
toward poorer sperm DNA integrity in those couples 
whose pregnancy resulted in miscarriage than in those 
who were fertile [108,109]. Investigators have also 
shown that sperm DNA damage is associated with 
poor pregnancy outcome after intrauterine insemin- 
ation (IUI) [131,132]. Taken together, the data suggest 
that sperm DNA damage may be a predictor of lower 
pregnancy rates via intercourse or IUI. These studies 
have generally had relatively small numbers of patients 
with sperm DNA damage, and conclusions therefore 
need to be confirmed by larger studies [131,132]. 


Sperm DNA integrity and reproductive outcomes after 


in-vitro fertilization 

Numerous studies have examined the possible 
influence of sperm DNA integrity on reproduct- 
ive outcomes after both standard IVF and IVF/ICSI 
(Tables 11.3, 11.4). Overall, the data suggest that there is 
no significant relationship between sperm DNA dam- 
age and fertilization rate at IVF or IVF/ICSI [131-148]. 
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Table 11.3. Relationships between sperm DNA damage and fertilization rate (FR), embryo quality (EQ), pregnancy rate (PR), and 


spontaneous abortions (SA) with IVF 


Study No. of cycles TV FR EQ PR SA Assay used 
Sun, 1997 [134] 143 4 nv nv — — TUNEL 
Host, 2000 [136] 50 4 nv - - - TUNEL 
Tomlinson, 2001 [137] 140 - Ş S nv - ISNT 
Morris, 2002 [135] 20 — S S — — Comet 
Tomsu, 2002 [138] 40 — S nv S — Comet 
Henkel, 2004 [142] 249 By, $ = nv = TUNEL 
Gandini, 2004 [143] 2 - 5 S S = SCSA 
Huang, 2005 [144] DAF 10 nv S S — TUNEL 
Payne, 2005 [145 46 — nv — S — SCSA 
Borini, 2006 [147 82 10 nv - nv Pos TUNEL 
Benchaib, 2007 [148] 88 15 S NS 5 Pos TUNEL 
Bungum, 2007 [132] 388 30 5 - S NS SCSA 
Comet, single cell gel electrophoresis assay; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling 

assay; ISNT, in situ nick-translation assay; SCSA, sperm chromatin structure assay; FR, fertilization rate; EQ, embryo quality and/or 
development; PR, pregnancy rate; SA, spontaneous abortions; TV, threshold value of sperm DNA damage. Inv, sperm DNA damage 
inversely related to outcome; NS, sperm DNA damage not related to outcome; Pos, sperm DNA damage positively related to 


outcome; —, outcome not evaluated. 


Table 11.4. Relationships between sperm DNA damage and fertilization rate (FR), embryo quality (EQ), pregnancy rate (PR), and 


spontaneous abortions (SA) with IVF/ICSI 


EQ PR SA Assay 
used 

$ - - TUNEL 

- - - TUNEL 

nv = = Comet 
$ $ - SCSA 

S 5 - TUNEL 
- $ - SCSA 
nv S NS SCSA 

= nv Pos TUNEL 

nv Pos TUNEL 
- $ NS SCSA 


Comet, single cell gel electrophoresis assay; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling assay; 
SCSA, sperm chromatin structure assay; FR, fertilization rate; EQ, embryo quality and/or development; PR, pregnancy rate; SA, 


Inv, sperm DNA damage inversely related to outcome; NS, sperm DNA damage not related to outcome; Pos, sperm DNA damage 


Study No. of cycles TV FR 
Lopes, 1998 [133] 150 D5 nv 
Host, 2000 [136] 61 30 

Morris, 2002 [135] 40 - 

Gandini, 2004 [143] 22 - 

Huang, 2005 [144] 86 10 nv 
Payne, 2005 [145 54 - nv 
Zini, 2005 [146] 60 30 

Borini, 2006 [147 50 10 

Benchaib, 2007 [148] 234 15 nv 
Bungum, 2007 [132] 233 30 

spontaneous abortions; TV, threshold value of sperm DNA damage. 
positively related to outcome; —, outcome not evaluated. 


Indeed, the paternal genome is not expressed until 
after the second cleavage division (i.e., in the four-cell 
embryo) soitis unlikely that sperm DNA damage would 
impact fertilization [149]. Similarly, the bulk of the data 
indicate that there is no significant relationship between 
sperm DNA damage and either embryo development 


or pregnancy outcome at IVF or IVF/ICSI. Bungum 
et al. (2007) [132] have reported that in couples with 
high levels of DNA damage, the ICSI pregnancy rate is 
higher than with IVF [132]. However, the couples that 
underwent IVF were not the same ones that underwent 
ICSI, making it difficult to draw definitive conclusions. 
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Adding to their observations on the relationship 
between sperm DNA damage and IUI pregnancy out- 
come, Bungum et al. (2007) [132] have suggested that 
ICSI is the treatment of choice in the setting of high 
levels of DNA damage (>30% DNA fragmentation by 
sperm chromatin structure assay [SCSA]). 

These clinical observations are not consistent 
with animal studies, which show that DNA damage 
does not influence fertilization rate but is associated 
with both poor pregnancy outcome and poor embryo 
development [106]. The stringent process of sperm and 
embryo selection during ICSI in humans may mitigate 
the potential adverse effect(s) of sperm DNA damage 
on reproductive outcomes [143,146]. 

To date, the short- and long-term ramifications 
of successful fertilization and embryo development 
with DNA-damaged spermatozoa are unknown. 
Clearly, the understanding that sperm DNA damage 
is common in infertile men, together with the prelim- 
inary reports on genetic and epigenetic abnormalities 
in the offspring associated with ICSI, urge us to explore 
the subject of sperm DNA damage [150-153]. DNA 
that possesses measurable damage (specifically, DNA 
oxidation) may cause misreading errors to occur dur- 
ing DNA replication, and this may result in the genera- 
tion of de novo mutations [154]. Although the concept 
has not been tested in the context of mammalian repro- 
duction, we cannot dismiss the possibility that suc- 
cessful fertilization with DNA-damaged sperm may 
cause de novo mutations in the offspring despite the 
ability of the oocyte and embryo to repair sperm DNA 
damage [106,154]. 


Clinical value of tests of sperm 
DNA damage 


Although there are insufficient data to recommend 
the indiscriminate application of sperm DNA testing, 
there are specific conditions that would benefit from 
further studies: 
(1) Couples planning to undergo IVF or ICSI. 
Tests of sperm DNA damage should be 
performed routinely (ideally in the context of a 
large-scale clinical study) in order to evaluate the 
impact of sperm DNA damage on 
reproductive outcomes (fertilization, embryo 
development, pregnancy, miscarriage, postnatal 
development). 
(2) Unexplained infertility. Based on evidence that 
tests of sperm DNA damage (specifically SCSA) 


may be predictors of failed natural pregnancy 
outcome in these couples [108,109], couples with 
high levels of sperm DNA damage should be 
studied to determine if they would be better off 
pursuing IVF or preferably ICSI. 

(3) Couples planning to undergo ART. Based on 
evidence that high levels of DNA damage are 
associated with poor IUI pregnancy outcome, 
couples with high levels of sperm DNA damage 
should be studied to determine if they would be 
better off pursuing IVF or ICSI. 

(4) Couples with recurrent pregnancy loss. Based 
on evidence that high levels of DNA damage are 
associated with recurrent pregnancy loss, couples 
with high levels of sperm DNA damage should be 
studied to determine if they would be better off 
pursuing IVF or ICSI. 


The assessment of sperm DNA damage possesses 
some limitations as a clinical test. (1) Several tests of 
sperm DNA damage have been developed (e.g., DNA 
fragmentation, DNA denaturation, and DNA oxida- 
tion using slide- and flow-cytometry-based assays), 
and there is no consensus as to the most accurate test of 
DNA damage. (2) For each of the available tests of DNA 
damage, there is no consensus as to the best threshold 
value to predict reproductive outcomes. Moreover, 
there is wide variability in the threshold values from 
one assay to another. Therefore, each laboratory must 
carefully standardize the sperm DNA assay and evalu- 
ate the predictive value of the test with its own patient 
population before applying the test clinically. On the 
other hand, an advantage of these assays is that, unlike 
many other sperm function tests, assessment of sperm 
DNA damage can be performed on frozen-thawed 
samples with no measurable influence on test results 
[108,155]. 


Summary 

Successful mammalian reproduction depends partly 
on the inherent integrity of the sperm DNA. Indeed, 
there appears to be a threshold of sperm DNA damage 
beyond which embryo development and subsequent 
pregnancy outcome are impaired. There is now clin- 
ical evidence to show that the spermatozoa of infertile 
men possess substantially more DNA damage than 
those of fertile men, and that sperm DNA damage may 
adversely impact reproductive outcomes. Additional 
studies are needed to fully define the clinical value of 
sperm DNA damage testing. 
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Sperm fluorescence in-situ 
hybridization (FISH) analysis for 
chromosomal aberrations / aneuploidy 


For over a decade, FISH (fluorescence in-situ hybridi- 
zation) has been used to evaluate the chromosome con- 
stitution of human spermatozoa. Studies have shown 
that, based on conservative estimates, the percentage 
of chromosomally abnormal sperm in the general 
population may be as high as 5-10%. In infertile male 
carriers of structural chromosome anomalies (e.g., 
Robertsonian translocations) or sex-chromosome 
numerical anomalies (e.g., 47,XXY) and in men with 
severe oligosperma, significantly higher levels of chro- 
mosomally abnormal sperm have been identified (up to 
70% of spermatozoa) [156]. The clinical importance of 
these findings was not appreciated until the late 1990s, 
when studies reported an increased frequency of sex- 
chromosome anomalies in ICSI babies (compared to 
natural births) [4]. However, because of limited clin- 
ical outcome data, it remains unknown to what extent 
the high levels of chromosomally abnormal sperm (as 
is frequently seen in ICSI candidates) alone contribute 
to the sex-chromosome anomalies in ICSI babies. This 
subsection will review the risk of sperm chromosomal 
anomalies in different populations of men and the clin- 
ical utility of sperm FISH analysis. 


Introduction 

FISH is an indirect technique that has proven to bea 
good method to determine the chromosome content 
of spermatozoa. Briefly, sperm nuclei are decondensed 
and incubated with fluorescent, chromosome-specific 
probes (usually, X, Y, and one or more autosome- 
specific probes that hybridize to complementary DNA 
sequences on the target chromosomes). In order to 
screen for sex-chromosome abnormalities in sperm, it 
is necessary to look at a minimum of one autosome to 
distinguish disomic from diploid sperm (i.e., a sperm 
with two sex chromosomes and one autosome FISH 
signal is assumed to be disomic, whereas a sperm with 
two sex chromosomes and two autosome FISH signals 
is assumed to be diploid: Fig. 11.3) [157]. The sperma- 
tozoa are imaged microscopically, and the percentage 
of spermatozoa with abnormal chromosome content 
is recorded. The technique (FISH) is costly and labor- 
intensive. The procedure requires a high-quality epi- 
fluorescence microscope, high-quality fluorescent 
probes, and trained personnel. The cost of an indi- 
vidual test is also high, due to the labor-intensive 


Fig. 11.3. Images of three human sperm nuclei hybridized with 
chromosome-specific probes (chromosome X labeled in yellow, Y 
in green, and 21 in red). Sperm #1 is anormal X-bearing sperm (with 
a single chromosome X and a single chromosome 21 signal), sperm 
#2 is an autosomal disomic sperm (i.e., X,21,21) and sperm #3 is a sex 
chromosome disomic sperm (X,Y,21). See color plate section. 


nature of the technique (the examination of 5000-10 
000 spermatozoa per sample is recommended). This 
latter problem may eventually be circumvented by use 
of automated approaches (e.g., flow cytometry) for 
sperm aneuploidy screens. To date, the prevalence of 
numerical chromosomal abnormalities in spermato- 
zoa from a wide range of individuals and populations 
(fertile controls, carriers of chromosome anomalies, 
infertile men) has been reported. However, it is impor- 
tant to recognize that the majority of these studies 
are small, with only a handful of patients evaluated in 
each study. 


Sperm chromosome abnormalities in 
fertile men 


Studies in healthy donors have been used to determine 
the mean frequency of numerical chromosome abnor- 
malities in sperm. A wide variability in disomy fre- 
quency for the same chromosomes has been reported 
by different research groups [158-160]. These results 
may be due to inter-individual differences or technical 
factors (e.g., differences in sperm decondensing proto- 
cols, scoring criteria, number of sperm analyzed, and 
the characteristics of the probes used). This under- 
lines the importance of internal controls and proper 
methodology. An inter-chromosomal variation in the 
frequency of disomies has been reported, with the sex 
chromosomes and chromosomes 21 and 22 presenting 
higher rates of abnormalities than other chromosomes 
[159,161,162]. Although the cause of this is not known, 
it is suggested that the generally lower rate of meiotic 
recombination of these chromosomes renders them 
more prone to nondisjunction [163]. Given a mean 
per chromosome disomy frequency of 0.13% for the 
autosomes and 0.37% for the sex chromosomes, and 
a 0.2% diploidy frequency, the overall frequency 
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Table 11.5. Rate of sperm chromosome aneuploidy in infertile men with a normal karyotype 


Disomy Diploidy Total aneuploidy 
Autosome’ Sex chromosome?’ 
Fertile men 0.13% [159] 0.37% [159] 0.2% [159] 6-7% [159] 
Infertile men 
Normospermic 0.11% [159] 0.44% [165] 0.3-1.0% [165] - 
Oligospermic 0.2-0.5% [159] 0.6-0.8% [161, 165] 0.3-1.0% [161, 165] 10-70% [156, 164] 


a Per-chromosome disomy rates. 
e Cumulative (XY + XX + YY) disomy rates. 


Table 11.6. Rate of sperm chromosome aneuploidy in men with an abnormal karyotype (47,XXY, 47,XYY, Robertsonian translocation, 


reciprocal translocation) 


Disomy Diploidy Unbalanced 
Autosome’ Sex chromosome? 
Fertile men 0.1% [159] 0.37% [159] 0.2% [159] - 
47 .XXY 0.2-0.7% [165] 2-20% [165, 171,172,189] 0.4% [172] - 
47, XYY 0.1-1.0% [173, 176] 0.6-5.2% [173] 0.8-1.5% [173] - 
Robertsonian translocation 0.1-0.8% [187] 0.2-1.3% [183, 187] 0.2-1.4% [183, 187] 5-20% [183-185] 
Reciprocal translocation 0.1-2.0% [187] 0.2-0.6% [187] 0.2-5% [183, 187] 10-70% [176, 188, 190] 


a Per-chromosome disomy rates. 
e Cumulative (XY + XX + YY) disomy rates. 


of chromosomally abnormal sperm in the gen- 
eral population is estimated to be ~7% (Table 11.5) 
[156,158-161,164,165]. The observed frequency of 
disomy in sperm nuclei (6-7%) is substantially higher 
than the estimated incidence of trisomic newborns 
of paternal origin. Approximately 0.3% of all new- 
borns are trisomic and less than one-third of these are 
of paternal origin, with most paternal abnormalities 
being sex-chromosome aneuploidies [159,163]. Thus 
the relationship between the frequency of aneuploid 
spermatozoa and the paternal contribution to aneu- 
ploidy is not a simple one [163]. It is likely that natural 
selection barriers (aneuploid sperm exhibit a reduced 
capacity to bind to the oocyte [166]) and spontane- 
ous abortions of aneuploid fetuses are both involved 
in reducing the incidence of paternally derived tri- 
somic newborns [167]. Differences in sperm aneu- 
ploidy frequency among populations may be due to 
intrinsic and extrinsic factors. Cigarette smoke, alco- 
hol, and chemotherapy can all cause increased sperm 
aneuploidy [160,168,169]. Age has also been associ- 
ated with increased aneuploidy in both males and 
females [157,170]. 


Sperm chromosome abnormalities in 
carriers of sex chromosome numerical 
anomalies 


Several FISH studies in sperm nuclei and germ cells 
from 47,XXY and 47,XYY males (both mosaic and 
nonmosaic) have been reported [159,171-173]. 
Analysis of the spermatozoa shows a highly vari- 
able frequency of sex-chromosome disomies (range 
1-20%) and of diploid sperm (range 0-1.5%) 
(Table 11.6). In Klinefelter males (47,XXY), FISH 
analysis of the meiotic germ cells reveals that all 
pachytene cells are XY, although variable percentages 
of XXY cells are found in postmeiotic stages. These 
results suggest that in Klinefelter males the aneu- 
ploid cell line(s) is/are fully arrested before entering 
meiosis [174]. It is postulated that the high rates of 
sex-chromosome disomies found in the spermatozoa 
of some of these patients probably result from segre- 
gation errors in normal (XY) germ cells placed in a 
compromised testicular environment, as proposed by 
Mroz et al. [175]. Foresta et al. have also reported a 
2-to-1 ratio of X-bearing (23,X) to Y-bearing (23,Y) 
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spermatozoa in 47,XXY males [171]. FISH analysis 
of testicular germ cells from 47,XYY males indicates 
that ~60% of pachytenes are XYY. However, the low- 
er-than-expected sperm disomy rate in spermatozoa 
(0.1-1%) suggests a pachytene and/or postmeiotic 
arrest in this line [173,176]. 


Sperm chromosome abnormalities in 
structural reorganization carriers 


The meiotic segregation of structural reorganiza- 
tions depends mainly on the characteristics of the 
chromosome fragments involved, thus resulting in 
a variable percentage of chromosomally unbalanced 
sperm [177-182]. Sperm FISH studies (using the cor- 
rect combination of probes) provide a valuable tech- 
nique for assessing the percentage of abnormal sperm 
in translocation carriers. In men with a Robertsonian 
translocation, the frequency of sperm with unbal- 
anced chromosomes is estimated to be in the range 
of 5-20% [160,183-186] (Table 11.6). These men also 
have a higher risk of aneuploid sperm than fertile con- 
trols (suggesting an interchromosomal effect - i.e., the 
reciprocal translocation impairs the meiotic segrega- 
tion of noninvolved chromosomes) [186,187]. In men 
with a reciprocal translocation, the frequency of 
sperm with unbalanced chromosomes is higher than 
that observed in men with a Robertsonian transloca- 
tion and is estimated to be in the range of 10-70% 
[160,188] (Table 11.6) [189,190]. Carriers of a recipro- 
cal translocation also have a higher risk of aneuploid 
sperm than fertile controls (again suggesting an inter- 
chromosomal effect) [187]. It has been shown that the 
frequency of chromosomally unbalanced embryos 
(assessed by preimplantation genetic diagnosis with 
aneuploidy screen or PGD-AS) is related to the fre- 
quency of chromosomally unbalanced spermatozoa in 
reciprocal translocation carriers [188,191]. Depending 
on the nature of the reciprocal translocation, many of 
these abnormal embryos will likely fail to develop, and 
those that do develop will frequently result in abortion/ 
stillbirth or neonatal anomalies. Therefore, it has been 
suggested that male structural reorganization carriers 
should undergo sperm FISH studies and PGD-AS, to 
assess the chromosomal constitution of IVF embryos 
[188,191,192]. 


Chromosomally normal infertile men 

Most studies report significantly higher aneuploidy 
rates (mostly sex-chromosome hyperhaploidy and 
diploidy) in sperm nuclei of infertile compared to 


those of fertile men (Table 11.5). It has been suggested 
that meiotic disturbances, especially frequent in cases 
with severe oligoasthenospermia (OA), are respon- 
sible for the production of abnormal gametes [159]. 
The risk of sperm chromosomal aneuploidy appears 
to be inversely correlated to sperm concentration 
and total progressive motility [160,162,193-198]. 
Severe oligospermia has been associated with aneu- 
ploidy levels of up to 70% (total aneuploidy based on 
estimates) [156,164,199]. Consequently, it has been 
suggested that men with severe OA should undergo 
meiotic studies and/or sperm chromosome analyses by 
FISH prior to ICSI so as to undergo adequate genetic 
counseling. Sperm FISH analysis may also be valuable 
in couples with recurrent first-trimester abortions, 
based on studies suggesting a role for sperm chromo- 
some abnormalities in recurrent pregnancy loss [200]. 
However, the parental origin of the abortions has not 
been determined in these studies. 


Clinical utility of sperm FISH analysis 

The application of sperm FISH analysis has largely been 
evaluated in the context of research studies. However, 
there may be specific clinical circumstances for which 
sperm FISH may be used. Sperm FISH analysis may 
be useful in infertile men with sex-chromosome 
numerical anomalies, structural chromosome anom- 
alies, and severe oligospermia, prior to ICSI. Sperm 
FISH may also be considered in couples with a history 
of recurrent miscarriages and trisomic pregnancies 
[201]. However, the threshold level of aneuploidy fre- 
quency (to categorize men into “high-risk” and “low- 
risk” groups) has not been established. Moreover, 
the relationship between sperm chromosome aneu- 
ploidy and chromosomally abnormal embryos is not 
straightforward. Staessen et al. have shown a high fre- 
quency of chromosomally abnormal embryos (>60% 
abnormal embryos at IVF/ICSI) in couples with a nor- 
mal chromosomal constitution (normal karyotype) 
and advanced maternal age [202]. Thus, counseling of 
couples after FISH analysis remains a challenge. 


Summary 

FISH analysis of sperm nuclei is a reliable technique 
to determine the chromosome content of spermato- 
zoa. However, it remains a costly and labor-intensive 
technology. Nonetheless, the ongoing application of 
this technique in the context of research programs will 
likely provide invaluable information on the genetic 
risk associated with the treatment (e.g., ICSI) of severe 
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male-factor infertility. Ultimately, the true clinical 
value of sperm FISH analysis can only be determined 
once the relationship between the frequency of aneu- 
ploid sperm and the paternal contribution to aneu- 
ploidy, particularly trisomy, has been established. 


Final summary 

A number of advanced sperm fertility tests have been 
developed and studied. Overall, the data suggest that 
tests of acrosome reaction and DNA damage are poten- 
tially useful clinically. Couples with an abnormal test 
result should consider IVF/ICSI rather than conven- 
tional IVF or IUI. However, to date, these tests can- 
not reliably predict pregnancy outcome after ICSI. 
Moreover, these clinical tests (acrosome reaction, 
DNA damage) exhibit some inherent weaknesses and 
neither has been shown to be superior to the other in 
the evaluation of male infertility. The data indicate 
that tests of sperm or semen ROS determination may 
help clinicians establish a more specific diagnosis and 
design better therapies for male infertility, although 
this test cannot reliably predict pregnancy outcome. 

Assessment of sperm chromosome aneuploidy by 
FISH analysis is a labor-intensive but informative test 
that may be of value in specific clinical cases (e.g., men 
with a karyotype abnormality). However, the clinical 
indications for sperm FISH analysis, the threshold 
level of sperm aneuploidy, and the management/coun- 
seling of couples with an abnormal test result have not 
been fully defined. 

Tests of sperm-oocyte fusion and sperm-cervical 
mucus penetration are of no real clinical value. Tests 
of zona pellucida binding are of limited clinical value 
owing to the difficulty in obtaining human oocytes. 
Therefore, these tests should not be applied in routine 
clinical practice. 
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Introduction 


Approximately 20% of men undergoing an infertility 
evaluation will be diagnosed with an underlying endo- 
crine abnormality [1-3]. Although the percentage 
may appear to be small, the identification of specific 
endocrine abnormalities allows the patient to under- 
stand if and how his infertility may be treated. Whereas 
some disorders can be treated with hormonal interven- 
tion leading to successful pregnancy, others cannot. 
Therefore, an evaluation of the reproductive endo- 
crine status is an essential component in the investi- 
gation of all male partners with either an abnormal 
physical examination suggestive of a disorder in 
testosterone production and action, an abnormal 
semen examination, or evidence of impaired sexual 
function. 


Reproductive axis physiology 


The important hormones of the male reproduc- 
tive system are gonadotropin-releasing hormone 
(GnRH), produced in the hypothalamus; the pitui- 
tary gonadotropins, luteinizing hormone (LH) and 
follicle-stimulating hormone (FSH); the testicu- 
lar steroids, testosterone and estradiol; the testicu- 
lar peptide, inhibin; and the peripherally produced 
dihydrotestosterone (DHT) (Fig. 12.1). 

GnRH synthesis and pulsatile release into the hypo- 
physeal portal veins is regulated by GnRH receptors 
in the pituitary gland and stimulates the synthesis and 
release of the gonadotropic hormones, LH and FSH 
[4-7]. LH and FSH are secreted by the pituitary gland 
into the general circulation and carried to the testes. The 
gonadotropins stimulate gonadal secretion of testoster- 
one and estradiol. Testosterone is important for the mat- 
uration and maintenance of spermatogenesis [8]. 

Testosterone is metabolized to DHT by the enzyme 
5a-reductase [9,10]. DHT is necessary for external 
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virilization during embryogenesis and androgen action 
during puberty and adulthood. Only 25% of circulat- 
ing estradiol is secreted by the testes. The major por- 
tion of circulating estradiol is derived from peripheral 
conversion of testosterone and androstenedione [11]. 
Estrogen plays a role in the regulation of the secre- 
tion of GnRH and LH [12,13]. The testis also produces 
inhibin, a nonsteroid substance secreted by the Sertoli 
cells [14]. Inhibin is postulated to act primarily at the 
pituitary level, where it selectively inhibits the secretion 
of FSH [15]. Inhibin, along with testosterone, exerts 
local regulatory effects on spermatogenesis [16-18]. 

Prolactin, a polypeptide hormone, is synthesized 
and secreted from the pituitary gland. Elevated levels 
of prolactin interfere with gonadotropins and suppress 
testosterone synthesis in men [19]. 

In summary, control and coordination of testicu- 
lar function occur via feedback signals, both positive 
and negative, exerted by the hormones secreted at 
each level of the hypothalamic-pituitary-testicular 
axis. These signals include (1) inhibition of hypothal- 
amic GnRH secretion and pituitary LH responsive- 
ness to GnRH by testicular steroids and (2) inhibition 
of pituitary FSH by testicular inhibin and, possibly, by 
circulating estrogens. Any disruption of the delicately 
coordinated interaction between the components of 
the hypothalamic-pituitary-testicular axis may lead 
to hypogonadism and/or infertility [20]. 


History and physical examination 

The history and physical examination assist the clini- 
cian in ascertaining if an endocrine disorder is caus- 
ing the man’s infertility. History is obtained in order to 
uncover any underlying medical or endocrine condi- 
tions which might alter or disrupt testosterone produc- 
tion. Important milestones ina patient’s developmental 
history include normal or abnormal descent of the 
testes, premature or delayed puberty, gynecomastia, 
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Fig 12.1. The hypothalamicpituitary—testicular functional unit. 
GnRH, gonadotropin-releasing hormone; LH, luteinizing hormone; 
FSH, follicle-stimulating hormone; T, testosterone; ABP, androgen- 
binding protein; E,, estradiol. (From Sokol RZ, Swerdloff RS. 
Endocrine evaluation. In: Lipshultz LI, Howards SS, eds. Infertility in 
the Male, 3rd edn. St. Louis, MO: Mosby Year Book, 1997: 210-18.) 


altered libido or potency and fertility history, and 
urinary tract or central nervous system (CNS) abnor- 
malities. Other important information includes past 
and present illnesses; surgery to the brain or the geni- 
tourinary system (e.g., orchiopexy, herniorrhaphy, 
vasectomy); infectious disease (e.g., venereal disease, 
mumps, tuberculosis, epididymitis); use of drugs, 
medications and alcohol; occupations and exposure to 
chemicals at work or at home. 

Physical examination uncovers underlying gen- 
eral medical conditions and particularly endocrine 
disorders that result in hypogonadism. Assessment of 
cranial nerves may suggest a pituitary tumor. Midline 
facial defects are associated with congenital secondary 
hypogonadism. Thyroid disease is suspected with thy- 
romegaly, eye changes, hyperreflexia, or hyporeflexia. 
Gynecomastia is associated with hypogonadism or 
an imbalance of the testosterone:estradiol ratio and 
hyperthyroidism, cirrhosis, testicular tumor, and drug 
use [21-23]. Hepatomegaly is associated with alcoholic 
liver disease and/or abnormal steroid metabolism. 

Secondary sexual characteristics, which include 
body habitus, hair distribution pattern, body 


proportions, and size and anatomy of the genitalia, 
should be noted. Testicular examination includes 
assessment of shape, consistency, position, and pres- 
ence of a mass. Testicular volume is measured with an 
orchidometer or calipers. Testicular size is primarily 
a reflection of the presence and activity of the semin- 
iferous tubules. Testes smaller than 15 cm? by Prader 
orchidometer are associated with an abnormally low 
sperm concentration and may or may not be associated 
with a low testosterone production. Testes larger than 
25 cm? may indicate a tumor or a hydrocele. 

Determining if hypogonadism presented prior 
to or following puberty assists with the diagno- 
sis. If Leydig cell function or androgen action was 
deficient during embryogenesis, then hypospadias, 
cryptorchidism, or microphallus occurs. If Leydig 
cell failure occurred prior to puberty, sexual matur- 
ation does not occur and features of eunuchoidism 
will develop. The cardinal feature of eunuchoidism is 
the failure of androgen-induced closure of the epiphy- 
ses of the long bones of the extremities, leading to an 
arm span 5 cm longer than height and a lower body 
segment (pubic to heel) more than 5 cm longer than 
the upper body segment (crown to pubic). Other find- 
ings of this condition include sparse body, pubic, and 
facial hair; poor skeletal muscle development; absence 
of male-pattern baldness; infantile genitalia with small 
firm testes; failure of voice to deepen; and, on occasion, 
gynecomastia. 

Leydig cell failure following puberty is associated 
with more subtle physical findings. These include 
small, soft testes; female body habitus with female fat 
distribution; a decrease in skeletal muscle mass; gyne- 
comastia; decrease in facial hair; and excessive facial 
wrinkling. Patients with isolated germ cell failure have 
normal physical findings except small testes, while 
patients with spermatogenic arrest or obstruction have 
normal-size testes. 


Laboratory assessment 


Initial laboratory assessment of the hypothalamic- 
pituitary-testicular axis includes the measurement 
of circulating levels of LH, FSH, and testosterone. 
Clinical history and the physical examination will 
determine if more specialized hormone testing, 
including free testosterone, sex hormone-binding 
globulin (SHBG), estradiol and prolactin, is indi- 
cated. A single sample of 10 mL of whole blood col- 
lected in the morning to minimize diurnal variation is 
usually adequate [24]. However, because of the pulsatile 
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The value for calculated free testosterone (CFT) is obtained by 
joining the value for TT to that for SHBG, and where the line 
intersects the middle curved scale is the value for CFT. 


Calculated free 
testosterone (CFT) 
40, pmol/l pg/ml rO 


3841100 1500 4 


TT: SHBG: 
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Fig. 12.2. Nomogram for calculating free testosterone from 
total testosterone (TT) and sex hormone-binding globulin (SHBG). 
(Reprinted with permission from Carruthers M. Androgen Deficiency 
in the Adult Male: Causes, Diagnosis and Treatment. London: Taylor & 
Francis, 2004.) 


nature of hormone secretion in men, single random 
measurements of serum levels may not accurately 
reflect the mean concentration of LH, FSH, and testos- 
terone over a prolonged period of time [25]. Therefore, 
if an abnormal result is obtained, the patient should 
be reevaluated with a collection of multiple samples 
(three samples collected through an indwelling can- 
nula at 20-minute intervals). Pooling three samples 
provides a more integrated measure of basal hormone 
secretion [25]. 

The measurement of free testosterone is included 
when clinical conditions exist that alter SHBG levels 
(Table 12.1). Testosterone circulatesinthebloodloosely 
bound to albumin and tightly bound to SHBG [26]. 
The bound testosterone is in equilibrium with the 2% 
of free or biologically available testosterone that enters 
the cells and exerts its metabolic effects. A change in 


Table 12.1. Conditions which alter sex hormone- 
binding globulin (SHBG) levels 


Increases SHBG Decreases SHBG 
Estrogens Androgens 
Hyperthyroidism Hypothyroidism 

Aging Growth hormone excess 


Liver disease Obesity 


Anticonvulsants Glucocorticoid excess 


the amount of available SHBG alters the degree of tis- 
sue entry of testosterone [27]. Because the serum tes- 
tosterone measurement includes both the bound and 
unbound fractions, alterations of SHBG levels may give 
an inaccurate estimate of the biologically active (free 
testosterone) concentration. Therefore, the measure- 
ment of free (unbound) testosterone is a more accurate 
marker of physiologically available testosterone than 
is the measurement of total testosterone level when 
conditions of altered SHBG concentrations or binding 
exist [28,29]. Unfortunately, free testosterone assays 
are often unreliable [30]. Coincident measurement of 
SHBG and total testosterone is an alternative to meas- 
uring free testosterone. The usefulness of the calcu- 
lated free testosterone index (total testosterone level in 
nanomoles/L) divided by the SHBG (nanomoles/L) in 
lieu of a free testosterone measurement is not yet vali- 
dated clinically [31,32]. A nomogram for calculating 
free testosterone is provided in Figure 12.2 [31]. 

Estradiol measurements are ordered when a 
patient presents with gynecomastia, a testicular mass, 
or ahistory consistent with exogenous estrogen expos- 
ure. Prolactin measurement is included in the evalu- 
ation of a patient with impotence or evidence fora CNS 
tumor, as well as in men with a relevant drug history. 
The measurement of DHT is indicated when a disorder 
of testosterone conversion to DHT is suggested by the 
clinical presentation. 

Measurement of circulating LH and FSH levels 
allows the clinician to determine if a patients endo- 
crine dysfunction is the result of primary testicular 
failure or hypothalamic and/or pituitary deficiency. 
Because LH secretion is regulated by the inhibitory 
feedback of circulating testosterone, the measurement 
of serum LH reflects the adequacy of Leydig cell func- 
tion in patients with testicular damage. Thus, patients 
with testicular failure present with elevated LH levels, 
and patients with hypothalamus/pituitary failure pre- 
sent with diminished levels. 
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Serum FSH levels reflect the state of the seminifer- 
ous epithelium in the infertile man. In men with azoo- 
spermia due to severely damaged germ cells, serum 
FSH levels are usually elevated. Combined elevations 
of FSH and LH levels are seen in association with severe 
testicular damage, reflecting a decline in both the 
tubular (Sertoli and spermatogenic cells) and andro- 
genic functional components of the testes. Stimulation 
testing of the hypothalamic-pituitary-testicular axis 
is rarely indicated, because it often yields unreliable 
results. In azoospermic or severely oligospermic men 
with normal-sized testes, a normal level of FSH may 
indicate the presence of post-testicular (epididymis 
and vas deferens) obstruction of the excretory duct 
system. Measurement of inhibin levels is not available 
in most laboratories, but inhibin may be a marker of 
testicular function [17,33]. 

Anassessment of other pituitary hormones (adreno- 
corticotropic hormone [ACTH], thyroid-stimulating 
hormone [TSH], and growth hormone [GH]) is rec- 
ommended in patients with hypogonadotropic hypog- 
onadism in whom a pituitary tumor is suspected. 
Assessment of other endocrine organ functions (adre- 
nal, thyroid, parathyroid, pancreas) is recommended 
in patients suspected of multiple end-organ failure. 


Diagnosis and treatment 


The differential diagnosis and treatment of endo- 
crine-dependent male-factor infertility is based on 
the history, physical examination, and reproduct- 
ive hormone levels. Based on these data, patients 
can be placed in four major diagnostic categories: (1) 
hypogonadotropic hypogonadism (secondary hypo- 
gonadism), (2) hypergonadotropic hypogonadism or 
testicular failure (primary hypogonadism), (3) defect- 
ive androgen synthesis or response, and (4) combined 
primary and secondary hypogonadism (Fig. 12.3). 


Hypogonadotropic hypogonadism 
(secondary hypogonadism) 
Diagnosis 


Hypogonadotropic hypogonadism, also referred to 
as secondary hypogonadism, can occur as the congen- 
ital condition idiopathic hypogonadotropic hypogo- 
nadism (IHH), or as an acquired condition. Men with 
hypogonadotropic hypogonadism are deficient in LH 
and FSH secretion. In the absence of LH and FSH stim- 
ulation, the testes secrete low amounts of testosterone, 
and spermatogenesis is disrupted (Fig. 12.4). 


The original description of IHH, referred to as 
Kallmann syndrome, was of eunuchoidism associ- 
ated with anosmia and isolated deficiency of GnRH 
secretion from the hypothalamus [34]. Defective 
migration of GnRH from the olfactory region to the 
hypothalamus with mutations of the KAL1 gene is the 
mechanism of the impaired secretion of GnRH. This 
condition has a sex-linked inheritance [35]. Midline 
facial defects including cleft palate, color blindness, 
and deafness have been described. Associated renal 
agenesis and bimanual synkinesis may be present. 
IHH can also be inherited as an autosomal dominant, 
autosomal recessive, or GnRH receptor mutation pat- 
tern. However, the majority of cases are sporadic [36]. 
The incidence of the syndrome is about 1 in 10 000 
males [37,38]. 

A variant of congenital hypogonadotropic hypogo- 
nadism, referred to as adult-onset or acquired IHH, 
occurs in men who have normal pubertal development 
and past fertility. They present with impotence and/or 
new-onset infertility, with inappropriately low gonado- 
tropins in the face of lower levels of testosterone, often 
accompanied by oligospermia. This does not appear to 
be the result of aging, but rather to be a late-onset form 
of IHH [39]. 

Rarely, men will present with isolated LH defi- 
ciency, a syndrome previously referred to as the fertile 
eunuch syndrome. Because the absence of LH prevents 
normal stimulation of the Leydig cells in the testes, tes- 
tosterone is not produced in adequate amounts to allow 
normal androgenization, but the normal secretion of 
FSH stimulates spermatogenesis. Rarely, men present 
with isolated FSH deficiency and infertility. They are 
normally androgenized because the LH-testosterone 
axis is normal [40]. 

Acquired causes of hypogonadotropic hypog- 
onadism include tumor, infection, infiltrative 
diseases, autoimmune hypophysitis, pituitary inf- 
arction, and drug use. The most common acquired 
cause is a prolactin-secreting tumor. These tumors in 
men tend to be macroadenomas at the time of discov- 
ery and often are associated with impotence [41,42]. 
The tumor interferes with gonadotropin secretion by 
compressing the pituitary tissue and because of pro- 
lactins inhibition of gonadotropin secretion [43]. 
Pituitary tumors of other cell types (GH, ACTH, 
FSH), nonsecreting tumors, and craniopharyngiomas 
act as space-occupying lesions. The associated mod- 
erately elevated prolactin is due to the inhibition of 
dopamine [43]. 
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Fig. 12.3. Diagnostic evaluation of man presenting with infertility. LH, luteinizing hormone; FSH, follicle-stimulating hormone; T, testos- 
terone; N, normal; TESE, testicular sperm extraction; IVF, in-vitro fertilization; ICSI, intracytoplasmic sperm injection; AID, artificial insemin- 


ation donor. (Modified from Sokol RZ, Swerdloff RS. Endocrine evaluation. In: Lipshultz LI, Howards SS, eds. Infertility in the Male, 3rd edn. 


St. Louis, MO: Mosby Year Book, 1997: 210-18.) 


Infiltrative diseases that invade the pituitary gland 
include sarcoidosis, histiocytosis, and infectious granu- 
lomatous diseases. Diseases that predispose the patient 
to increased levels of circulating levels of iron may 
present with hypogonadotropic hypogonadism due to 
iron deposition in the pituitary gland. These include 
hemachromatosis and those diseases that require 
chronic blood transfusions such as sickle cell anemia 
and thalassemia. Imaging studies of the hypothalamus 
and pituitary are necessary to determine if a tumor or 
infiltrative disease is present [44]. 

Systemic diseases with chronic malnutrition, rare 
neurologic disorders, estrogen-producing testicu- 
lar tumors, and severe obesity may inhibit the hypo- 
thalamic-pituitary axis [45,46]. Hypogonadotropic 
hypogonadism has been reported in men with type 2 
diabetes [47]. 

Patients with congenital adrenal hyperplasia 
secrete excess adrenal androgens, which suppress 
endogenous gonadotropin secretion. Thus the tes- 
tes are not stimulated and spermatogenesis is sup- 
pressed. Because of the high circulating adrenal 
androgens, premature puberty occurs, with pre- 
mature closure of the epiphyses, leading to shorter 
stature than genetically expected. Testes shrink, but 
adrenal rest tumors may be identified on testicular 
examination [48,49]. 


A number of drugs can lead to secondary hypogo- 
nadism. Drugs and medications that increase prolactin 
levels by interfering with the dopamine inhibition of 
prolactin secretion can lead to disruption of gonado- 
tropin secretion. The use or abuse of anabolic steroids 
also suppresses gonadotropins. In this situation, the 
patient will have normal or elevated testosterone levels, 
variable increased estradiol levels, suppressed sperma- 
togenesis, and normal androgenization with possible 
gynecomastia. 


Treatment 


Therapy for patients with tumors and infiltrative dis- 
eases should be dictated by the underlying pathology 
prior to treatment with hormone replacement therapy. 
Because men with hypogonadotropic hypogonadism 
are deficient in LH and FSH secretion, spermatogen- 
esis can be initiated and pregnancies achieved with 
exogenous gonadotropins. Selection of the type of hor- 
mone therapy, as well as the ultimate success of ther- 
apy, depends on the severity of the defect. The most 
frequently prescribed preparations are human chori- 
onic gonadotropin (hCG) and human menopausal 
gonadotropin (hMG). 

HCG is biologically comparable to LH in that it 
stimulates Leydig cell synthesis and secretion of tes- 
tosterone. Treatment with hCG alone in patients with 
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Fig. 12.4. Evaluation and treatment of patient with hypogonadotropic hypogonadism. T, testosterone; LH, luteinizing hormone; FSH, 
follicle-stimulating hormone; PRL, prolactin; TSH, thyroid-stimulating hormone; ACTH, adrenocorticotropic hormone; GH, growth hormone; 
MRI, magnetic resonance imaging examination of the sella region. (Modified from Sokol RZ, Swerdloff RS. Endocrine evaluation. In: Lipshultz 
LI, Howards SS, eds. Infertility in the Male, 3rd edn. St. Louis, MO: Mosby Year Book, 1997: 210-18.) 


partial gonadotropin deficiency may increase sperm 
counts and result in pregnancies. HCG is administered 
at a dosage of 1500-2000 IU 2-3 times per week for 
18-24 weeks until normal serum testosterone levels are 
achieved and there is no further increase in testicular 
growth or improvement in sperm production. Some 
patients with partial defects, as well as patients with 
complete hypogonadism, will require the addition of 
hMG to their regimens. HMG, which contains both LH 
and FSH, stimulates spermatogenesis, but only after 
intratesticular testosterone is brought into the normal 
range with hCG stimulation. HMG is administered 
at a dose of 75 IU 2-3 times weekly until pregnancy 
is achieved. After pregnancy has been achieved and 
maintained for three months, hMG treatment can be 
withdrawn and spermatogenesis usually maintained 
by continued administration of hCG [50]. 


Patients should be monitored carefully during 
gonadotropin therapy with monthly testicular exam- 
inations, measurement of testosterone and estradiol 
levels, and semen analysis. The dose is titrated to tes- 
ticular size and hormone levels. Because hCG ther- 
apy stimulates estradiol production directly from 
the testicle as well as from conversion from testo- 
sterone, the normal ratio of testosterone to estradiol 
is decreased and gynecomastia as well as inhibition 
of spermatogenesis can occur. Other reported side 
effects include headaches, breast tenderness, and the 
development of anti-hCG and LH antibodies [51]. 
Selected patients may respond to treatment with clo- 
miphene [52]. A few findings of testicular tumor have 
been reported [53]. 

If the patient has hypothalamic disease, GnRH 
therapy is also an option [54]. However, treatment is 
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not user-friendly. GnRH is administered subcuta- 
neously every two hours via continuous pump or by 
intranasal administration, and is not necessarily more 
successful in inducing spermatogenesis than is gona- 
dotropin therapy [55-57]. Treatment with recom- 
binant FSH may result in fertility in men with isolated 
FSH deficiency [40,58]. The efficacy and safety of 
recombinant FSH are under investigation [53,59-61]. 
Growth hormone therapy does not play a significant 
role in the treatment of hypogonadotropic hypogonad- 
ism [60,62]. 

Patients not interested in maintenance of sperma- 
togenesis for fertility are often treated with testoster- 
one replacement (see Testosterone replacement therapy, 
below). Prior chronic treatment of men with hypo- 
gonadotropic hypogonadism with testosterone does not 
affect the subsequent success of gonadotropic therapy 
[63,64]. 


Hypergonadotropic hypogonadism 
(primary hypogonadism) 


Diagnosis 

Men with hypergonadotropic hypogonadism can 
be subdivided into two major groups: (1) men with 
classic hypergonadotropic hypogonadism identified 
by elevated gonadotropin levels, low testosterone level, 
and severe oligospermia or azoospermia (testicu- 
lar failure), and (2) men with spermatogenic failure 
without Leydig cell failure, who present with elevated 
serum FSH levels, normal LH and testosterone levels, 
and oligospermia or azoospermia (primary germ cell 
failure) (Fig. 12.3). 

Klinefelter syndrome, occurring in approximately 1 
in 500 men, is the most common cause of classic hyper- 
gonadotropic hypogonadism [65]. The classic chromo- 
somal abnormality is 47,XXY. Cardiac abnormalities, 
cognitive and behavioral problems, and an increased 
incidence of breast cancer have been reported in 
Klinefelter patients [66-68]. Patients with karyotypes of 
XXY/XY or multiple X chromosome mosaicism present 
with a range of hypogonadal signs and symptoms [69]. 

Causes of primary germ cell failure include post- 
pubertal viral or bacterial orchitis, chemotherapeutic 
agents, idiopathic, and possibly secondary to exposure 
to environmental toxicants [70]. 


Treatment 


At present, there is no endocrine therapy available 
for the treatment of infertility in these two groups of 


men. Artificial insemination with donor semen (AID), 
adoption, and, in selected cases, in-vitro fertilization 
(IVF)/intracytoplasmic sperm injection (ICSI) are the 
current options [71,72]. Recent studies suggest that 
these patients may benefit from recombinant FSH 
therapy prior to IVF/ICSI [58,73]. A subset of men with 
elevated FSH levels, azoospermia, and normal sperma- 
togenesis on biopsy may be candidates for exploratory 
surgery to rule out an associated obstruction [74]. A 
small series of men with abnormal testosterone-to- 
estradiol ratios have been treated with aromatase 
inhibitors, with some improvement in spermatogen- 
esis [75,76]. 

The men whopresent with testicular failure (both an 
abnormality of spermatogenesis and testosterone pro- 
duction) should be treated with androgens to maintain 
secondary sexual characteristics. If the patient has not 
gone through puberty, dosing should start at a lower 
dose than the full replacement dosage and be slowly 
titrated up to adult testosterone levels (see Testosterone 
replacement therapy, below). 


Defective androgen synthesis 
or response 


5a-reductase deficiency presents with a mild elevation 
in testosterone, decreased to absent levels of DHT, and 
normal LH and FSH levels. Because of the failure to con- 
vert testosterone to DHT, DHT-sensitive organs do not 
develop normally. Patients present with a spectrum of 
ambiguous genitalia, abnormal prostate development, 
and abnormal virilization at puberty [10,77]. These men 
usually have sperm production adequate to initiate a 
pregnancy, but, because of their genital-urinary anatomic 
defects, intrauterine insemination may be necessary. 

Androgen resistance is associated with elevated 
testosterone and estradiol levels, borderline eleva- 
tion of LH, and normal FSH (Fig. 12.5). This is due 
to insensitivity of the androgen receptor to testoster- 
one. Androgen actions are mediated by the androgen 
receptor, which is encoded by the androgen receptor 
gene, located on the long arm of the X chromosome at 
Xq11-12. The androgen receptor gene contains eight 
axons. Axon one contains a cytosine-adenine-guanine 
(CAG) repeat, which varies in length in the general 
population and is inversely correlated with androgen 
receptor activity. Men with infertility are reported to 
have a longer CAG repeat length [78,79]. 

The androgen receptor defect results in a deficient 
cellular response to testosterone, with a secondary 
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increase in serum LH. Because the testes are continu- 
ally stimulated by an elevation of serum LH levels, 
the secretion rate of testosterone may be increased. 
Androgen receptors in the pituitary gland are also 
insensitive to the feedback inhibition of testosterone, 
and LH continues to be secreted in excess [80]. Because 
testosterone is normally converted to estradiol by aro- 
matization, serum estradiol levels are usually elevated. 
The altered testosterone-to-estradiol ratio often pro- 
duces gynecomastia. 

The clinical presentation of the patient depends 
on the severity of the impairment in receptor func- 
tion [80]. Complete androgen insensitivity (tes- 
ticular feminization) is manifested as a phenotypic 
female with normal breast development, scant pubic 
and axillary hair, primary amenorrhea, and an XY 
karyotype. Serum testosterone and estradiol levels 
are markedly elevated, the latter accounting for the 
normal female body habitus. Patients with partial 
androgen resistance (Reifenstein syndrome) present 
with ambiguous genitalia [81]. The mildest form of 
androgen resistance results in a normal male pheno- 
type, but abnormal spermatogenesis [82]. The fre- 
quency of this mildest form is not well established. 
Diagnosis is suggested on the basis of the hormonal 
pattern described, but absolute confirmation requires 
sequencing of the androgen receptor coding gene in 
specialized laboratories. 

Androgen receptor abnormalities are rarely 
amenable to hormone therapy. No medication is cur- 
rently available to overcome the defect at the receptor 
level. Men with partial androgen resistance have vari- 
able degrees of hypogonadism and infertility. If sperm 
are present either in the ejaculate or in the testes, 
patients may be able to father children via IVF/ICSI. 


Combined primary and secondary 
hypogonadism 


The most extensively studied category of com- 
bined primary and secondary hypogonadism is that 
of aging-related alterations in the hypothalamic- 
pituitary-testicular axis of older men. A gradual 
decline in circulating testosterone levels is reported 
in healthy aging men [32,83-85] (Figs 12.6, 12.7). 
This condition, frequently referred to as andropause, is 
defined as an age-related decline in circulating andro- 
gen levels below the normal range for young men, 
associated with signs and symptoms consistent with 
androgen deficiency. Although total testosterone and 
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Fig. 12.5. Diagnostic evaluation of a patient with androgen 
resistance. T, testosterone; LH, luteinizing hormone; FSH, follicle- 
stimulating hormone; E, estradiol; N, normal. (Modified from Sokol 
RZ, Swerdloff RS. Endocrine evaluation. In: Lipshultz LI, Howards SS, 
eds. Infertility in the Male, 3rd edn. St. Louis, MO: Mosby Year Book, 
1997: 210-18.) 


bioavailable testosterone are documented to decline 
with aging in cross-sectional and longitudinal stud- 
ies, the actual levels of these hormones tend to remain 
within the normal range for testosterone [84, 86-87]. 
Testosterone, bioavailable testosterone, and SHBG 
are estimated to decrease by 0.8%, 2%, and 1.6% per 
year, respectively [86]. Gonadotropins are reported to 
either increase or decrease with the testosterone levels 
[84,88,89]. Hypothalamic dysfunction is suggested by 
abnormal LH pulse frequency and reduced amplitude 
[90-92]. 

Coincident with this decline in testosterone levels 
is a diminution in libido and a decline in total noctur- 
nal emissions associated with rapid-eye-movement 
sleep, reduced muscle mass and strength, decreased 
bone mass with an increased fracture rate, diminished 
vigor, mood changes, and possibly impaired cognition 
[83,93]. Chronic or acute illness, malnutrition, and a 
number of medications can further compromise tes- 
tosterone production in the aging man. 

A diagnostic workup is indicated if the patient 
presents with signs and symptoms of androgen 
deficiency. Three screening questionnaires have 
been developed to uncover the signs and symptoms 
of androgen deficiency in men: (1) the Androgen 
Deficiency in Aging Male questionnaire (ADAM), (2) 
the Massachusetts Male Aging Survey (MMAS), and (3) 
the Aging Male Survey (AMS) [94-96]. Unfortunately, 
these questionnaires have a high sensitivity but a low 
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Fig. 12.6. Longitudinal changes in serum testosterone levels in 
four age cohorts. (From Morley JE etal. Longitudinal changes in tes- 
tosterone, luteinizing hormone, and follicle-stimulating hormone 


in healthy older men. Metabolism 1997; 46: 410-13. Copyright (1997), 
with permission from Elsevier.) 


specificity, and correlate poorly with testosterone 
levels [97]. 

If the history and physical examination are consist- 
ent with a possible decline in circulating testosterone, 
then the endocrine workup should proceed as already 
outlined. A total testosterone below 300 g/dL on two 
separate occasions is diagnostic. However, most men’s 
testosterone values will fall in the low normal range. 
Preliminary results of both short-term and longer- 
term study trials of testosterone therapy in men more 
than 65 years old are inconclusive regarding the ben- 
eficial effects on muscle strength, libido and mood, 
and bone turnover [98]. In general, the beneficial 
effects of testosterone replacement are documented 
in those men with testosterone levels that fall below 
the normal range [83,99-103]. Few adverse effects 
have been reported, but long-term risks are uncertain 
[83,98,104-107]. 

Replacement therapy in the older man with 
symptoms of testosterone deficiency, but low nor- 
mal circulating levels of testosterone continues to be 
controversial. A number of academic organizations 
(Endocrine Society, American Society of Andrology, 
International Society of Andrology, American Society 
for Reproductive Medicine) have published guide- 
lines, available on their websites, regarding the diagno- 
sis and treatment of age-related testosterone decline. 
Tables 12.2, 12.3, and 12.4 summarize some of those 
recommendations. 
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Fig. 12.7. Testosterone (T) and free T index in aging men: per- 
centage of men in each age decade with at least one T value in 

the hypogonadal range. The numbers above each bar indicate 
the number of men studied. (From Harman SM etal. Longitudinal 
effects of aging on serum total and free testosterone levels in 
healthy men. J Clin Endocrinol Metab 2001; 86: 724-31. With permis- 
sion. Copyright 2001, The Endocrine Society.) 


Testosterone replacement therapy, 
formulations, dosing, and potential 
side effects 

Formulations and dosing 


Testosterone replacement therapy available in the 
United States includes oral, intramuscular, transder- 
mal, and buccal preparations (Table 12.5) [83]. The 
efficacy of oral testosterone is limited by its short half- 
life and potential liver toxicity. A longer-acting buccal 
preparation is also available. 

Intramuscular preparations include both alkylated 
and esterified testosterone compounds. When injected 
intramuscularly in oil, they are absorbed more slowly, 
but hydrolyzed to free testosterone and metabolized 
the same as the free steroid. The alkylated forms are 
contraindicated because of their potential hepatotox- 
icity. Commonly prescribed esterified preparations 
include testosterone enanthate, testosterone cypionate, 
and testosterone propionate. Testosterone enanthate 
and cypionate esters are administered as intramuscular 
injections of 200 mg every two weeks. Pharmacokinetic 
studies of these esterified testosterones indicate that 
peak supraphysiologic levels are reached at 24 hours 
following injection, with levels falling below eugonadal 
levels by day 9 and returning to hypogonadal levels by 
day 14. Circulating estradiol levels follow a similar 
pattern [108,109]. 
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Table 12.2. Contraindications to testosterone therapy 


Prostate cancer 

Sleep apnea 

Breast cancer 

Polycythemia 

Significant benign prostatic hypertrophy 
Unexplained PSA elevation 


Undiagnosed prostate nodule 


Unstable severe congestive heart failure 


Table 12.3. Baseline evaluation prior to initiation of 
estosterone therapy 


Luteinizing hormone, follicle-stimulating hormone, 
estosterone, estradiol, prolactin 


Complete blood count 

Liver function tests 

Electrolytes 

High-density lipoprotein cholesterol 


Low-density lipoprotein cholesterol 


Prostate-specific antigen 


Consider bone densitometry 


Table 12.4. Monitoring of testosterone therapy 
Months 3, 6, 9, 12, and then yearly 

Complete blood count 

Liver function tests 

Lipids/cholesterol 

Testosterone and estradiol 


Prostate-specific antigen levels and digital examination 


Transdermal testosterone formulations provide 
a more physiologic form of androgen therapy. These 
include a permeation-enhanced nonscrotal testoster- 
one patch and a topical gel. Two formulations of non- 
scrotal patches are available. One nonscrotal dermal 
system contains 12.2 mg of testosterone and delivers 
2.5 mg of testosterone per 24 hours. Two patches are 
applied nightly to the abdomen, thighs, back, or upper 
arm. The 24-hour testosterone pharmacokinetic pro- 
files mimic the normal testosterone of approximately 
500 ng/dL [110]. A single large patch delivering 5 mg 
testosterone and applied daily to nonscrotal skin sites 
also mimics physiologic testosterone [111]. The testo- 
sterone : DHT ratio is normal. Testosterone : estradiol 
ratios are also physiologic [110]. 


A topical gel formulation of transdermal testoster- 
one therapy contains 5 g of testosterone to deliver 50 
mg of testosterone [112]. The gel is applied once daily to 
clean, dry, intact skin of the shoulders, upper arms, and/ 
or abdomen and allowed to dry. In hypogonadal men, 
testosterone levels are increased to the normal range 
within 30 minutes and steady-state levels are reached 
within 24 hours. Dosage may be increased to 10 g per 
day to achieve normal physiologic circulating testoster- 
one levels. A concern with this preparation is the pos- 
sible transfer of the hormone through skin contact. 


Potential side effects of testosterone 
preparations 

Skin 

The nonscrotal patch often causes a transient 
mild to moderate erythema at the application site. 
Approximately 17-40% of patients in published stud- 
ies report severe contact dermatitis, chronic skin 
irritations, or local burn-like blisters [107]. Less skin 
irritation is reported by patients using the gel. Local 
pain or irritation at the site of injection is an infrequent 
occurrence with intramuscular injections. Acne may 
develop with all forms of androgen therapy. 


Testis size and spermatogenesis 

By suppressing endogenous gonadotropin secretion, 
exogenous androgens suppress spermatogenesis, 
resulting in a significant decrease in testicular volume 
and suppression of spermatogenesis. 


Gynecomastia 

Because testosterone is aromatized to estradiol, patients 
whoaretreated with exogenousandrogenshaveincreased 
circulating levels of estradiol. If the T : E, ratio is altered, 
this may result in gynecomastia. This side effect may be 
more severe in older men and is observed less often in 
men using transdermal forms of testosterone replace- 
ment than in men using injectable forms [106]. 


Prostate 

Prostatic growth is primarily androgen-dependent. 
Therefore testosterone replacementtherapyiscontrain- 
dicated in patients with prostatic carcinoma. Those 
patients with a diagnosis of benign prostatic hypertro- 
phy should be monitored with frequent rectal examin- 
ations. Small but significant increases in prostate size 
and prostate-specific antigen (PSA) are reported in 
hypogonadal men receiving androgen replacement 
[107]. To date, there is no evidence that testosterone 
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Table 12.5. Common testosterone (T) delivery systems 


Delivery system Route Dose Peak (hours) Frequency 
Testosterone enanthate/cypionate Intramuscular 50-200 mg 48-72 2 weeks 
Patch Transdermal 5mg 3-8 Daily 

Gel Transdermal 2.5-10g Flat or 3-10 Daily 

Buccal Oral 30mg 10-12 q.12h 


Adapted from Hijazi RA, Cunningham GR. Andropause: is androgen replacement therapy indicated for the aging 


male? Ann Rev Med 2005; 56: 117-37. 


replacement therapy causes prostate cancer; however, 
because the cancer is androgen-dependent, the con- 
cern is that pre-existing disease may become clinically 
relevant [106,112,113]. 


Cholesterol and lipid metabolism 

An increase in low-density lipoprotein (LDL) choles- 
terol and a decrease in high-density lipoprotein (HDL) 
cholesterol are reported with intramuscular therapy. 
LDL and HDL may be minimally increased with patch 
therapy. LDL-to-HDL ratios do not change. 


Behavior 

The relationship between testosterone levels and 
aggression is controversial. Libido, potency, and 
depression are reported to improve in aging men tak- 
ing testosterone replacement [103]. 


Hepatotoxicity 

A number ofhepatotoxic effects have been reported with 
the use of the 17-alkylated testosterone compounds, but 
not with the use of testosterone esters. These include 
changes in hepatic enzymes, abnormal bromsulphalein 
retention, and cholestatic alterations. Hepatomas and 
peliosis hepatitis have been reported in men with pre- 
existing serious medical illnesses (Fanconi anemia, 
aplastic anemia, hematologic malignancies) that may 
have predisposed them to these tumors. 


Alterations in erythropoiesis 

Androgens stimulate erythropoiesis, increasing the 
hemoglobin and hematocrit into the normal range in 
treated hypogonadal men [107]. Leukocyte and plate- 
let counts may also increase. Smokers and older men 
appear to be more sensitive to the effects of androgens 
on erythropoiesis [106]. 


Miscellaneous 

Weight gain secondary to sodium retention and pro- 
tein anabolism has been reported. Patients with under- 
lying edematous conditions such as congestive heart 


failure or hepatic cirrhosis may experience worsening 
edema. Replacement doses may reduce or exacerbate 
obstructive sleep apnea. These side effects are of par- 
ticular concern in the older male patient. 


Androgen replacement: 


nonprescription drugs 


A number of non-FDA-approved drugs and sup- 
plements are marketed as alternative therapies 
for declining androgens and decreasing libido 
and potency in older men. These include over-the- 
counter testosterone or DHT-containing compounds, 
adrenal androgen formulations, and various herbal 
preparations. The former can be marketed outside the 
scope of the Food and Drug Administration (FDA) if 
the concentration in the daily dose recommended is 
lower than that regulated by the FDA. The exact potency 
of these compounds is reported to vary from manufac- 
turer to manufacturer, and between batches produced 
by the same manufacturer. Minimal scientific data are 
available on the efficacy of over-the-counter andro- 
gen-containing supplements [114-117]. Side effects 
of long-term use of dehydroepiandrosterone (DHEA) 
and androstenedione are not known, but elevations in 
estradiol and DHT may potentially lead to gynecomas- 
tia and prostatic enlargement, respectively [118]. 


Summary 


The endocrine evaluation of the male partner is an 
essential part of the workup of the infertile couple. A 
careful history, physical examination, and laboratory 
assessment, guided by an understanding of the physi- 
ology of the hypothalamic-pituitary-testicular axis, 
will allow the clinician to ascertain a diagnosis and an 
appropriate treatment plan. 
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Introduction 


The testicular biopsy is one of the cornerstone surgi- 
cal procedures in male reproductive surgery. It is both 
diagnostic and therapeutic, and while many technical 
modifications to the testis biopsy have been made over 
the past 70 years [1-3] the fundamental principles of 
the operation remain unchanged. The testis biopsy 
offers the andrologist the opportunity to confirm the 
diagnosis of obstructive azoospermia, diagnose testis 
failure, and obtain histologic information regarding 
the oligospermic patient using one relatively benign 
operation. At the same time, the procedure allows 
for the extraction of any sperm identified during 
its course; it is this fact that has allowed for the suc- 
cessful treatment of millions of couples with severe 
male-factor infertility using intracytoplasmic sperm 
injection (ICSI) [4]. 

As a result of the therapeutic nature of the testis 
biopsy when utilized as an adjunct treatment to IVF/ 
ICSI, pressure has mounted to investigate less inva- 
sive techniques of testis biopsy. These procedures 
include percutaneous needle aspiration and mapping 
of the testis [5]. This demand is countered by efforts to 
increase sensitivity of biopsies with regard to the iden- 
tification and extraction of any existing sperm in the 
severely oligospermic or virtually azoospermic patient 
[3,6]. The microdissection testicular sperm extrac- 
tion technique (micro-TESE) is a result of this effort 
(Fig. 13.1); usage of an operating microscope during 
open testis biopsy increases the likelihood of finding 
sperm that can be used for IVF/ICSI. 

Importantly, these two examples of modifica- 
tions to the testis biopsy, with somewhat opposite 
goals, illustrate the continued need for a systematic 
approach to the histologic interpretation of testis biop- 
sies. Application of existing technology, including flow 
cytometry, immunohistochemistry/immunofluores- 
cence, and nucleic acid hybridization, to analyze and 
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interpret the testis biopsy continues to generate new 
and meaningful information regarding the patho- 
physiology in the infertile male. Also promising is the 
experimental application of new techniques including 
in-vivo near-infrared imaging and optical coherence 
tomography as adjuncts to the histologic assessment of 
the testis. These innovative techniques, although not yet 
ready for use in humans, represent the frontier in testis 
biopsy. Using these techniques, the goal of highly sen- 
sitive, noninvasive “virtual” testis biopsy with success- 
ful identification of sperm for targeted extraction can 
be achieved. Without a thorough understanding of the 
histology of the testis in normal and diseased patients, 
however, these future goals will remain unachievable. 

This chapter will outline the relevant histologic fea- 
tures of both abnormal and normal testis biopsies. In 
addition, this chapter will include a review of the exist- 
ing techniques for performing testis biopsy along with 
the indications for performing the procedure. As part 
of this review, a brief discussion of the evaluation of the 
infertile male and the role of testis biopsy in this evalu- 
ation is included. Finally, existing and new technolo- 
gies that are being applied to testis biopsy, in addition 
to promising future technologies, will be reviewed. 


Techniques 


As previously stated, there exist numerous accept- 
able surgical techniques for obtaining testis tissue; 
moreover, there are well-understood trade-offs with 
regard to invasiveness and the quality of the speci- 
men obtained, depending on the chosen technique. 
Therefore, certain techniques become more or less 
appropriate for use, given the characteristics of the 
patient in question. Included here are descriptions 
of standard open testis biopsy (with or without the 
operating microscope and through use of the “win- 
dow” technique when appropriate) and fine-needle 
aspiration/percutaneous biopsy of the testis. Also 
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Fig. 13.1. Images from microdissection TESE (testicular sperm 
extraction). Top left: testis delivered into field, ruler for scale. Top 
right: preparation for incision in tunica albuginea; holding stitches 
of 5-0 chromic placed in tunica; horizontal incision marked. Bottom 
left: incision in tunica alouginea made, testis bivalved. Bottom right: 
image of same field through operative microscope (x 25), demon- 
strating tubules for extraction. See color plate section. 


included is a brief description of the appropriate indi- 
cations for usage of each technique. 


Standard open surgical biopsy 

Testis biopsy can be performed with conscious sed- 
ation, general anesthesia, or local anesthesia alone if 
preferred. If the procedure is performed under local 
anesthesia alone, a cord block in addition to a skin 
block at the area of the incision is typically adequate; 
1% lidocaine (with or without 0.5% bupivacaine for 
longer-acting anesthesia) is used. After the surgical 
site is properly prepared, and with the anterior scro- 
tal skin kept on tension, a horizontal incision of 2-3 
cm is made through the skin and subcutaneous tissue 
(dartos) to the parietal layer of the tunica vaginalis. 
(A vertical incision can also be used, with the poten- 
tial benefit being the ability to extend the incision 
towards the inguinal canal if need be.) This layer is 
sharply divided, and the testis is delivered into the 
field. A small incision (less than 1 cm) is made in the 
tunica albuginea using a #11 blade. Gentle pressure 
is then applied to the testis, and any testicular paren- 
chyma that is extruded through the tunical opening 
is then excised using fine scissors (curved Iris) and 
set aside in an appropriate fixative or buffer, depend- 
ing on the intended purpose of obtaining the biopsy. 
A further discussion of fixatives and buffers will fol- 
low; those typically used include Bouin's fixative for 


histologic examination, and human tubal fluid for 
sperm extraction. If an adequate specimen has been 
obtained, hemostasis is achieved using electrocautery, 
and then the tunical opening is closed using a run- 
ning fine absorbable suture (0000 chromic). The tunica 
vaginalis, dartos, and skin are then closed in an identi- 
cal fashion. A dressing of loose gauze and a supportive 
garment are typically applied. 

Modifications to this technique include the use of 
the operating microscope; this procedure is termed 
microdissection testicular sperm extraction (micro- 
TESE). As first described by Schlegel [3], a dual- 
headed operating microscope is utilized to provide 
magnification of 20-25x. A technique identical to 
that described above is used to deliver the testis into 
the field in a sterile fashion (care is taken to drape the 
microscope so that it is sterile). A larger tunical open- 
ing is made, preferably in an avascular plane, the entire 
testicular parenchyma exposed, and the microscope 
used to identify grossly normal-appearing tubules for 
biopsy. The opacity, color, and size of the tubules are 
used to decide which tubules are more likely to harbor 
sperm. The goals of this procedure are maximization 
of the likelihood of success with each procedure while 
minimizing unnecessarily excised testis tissue. In 684 
men with nonobstructive azoospermia, Schlegel and 
colleagues achieved successful sperm extraction in 
61% of patients. 

An equally important modification to the open 
testis biopsy is the “window” technique. Using a 
smaller incision (less than 1 cm) and an eyelid retrac- 
tor to provide adequate exposure, a technique like 
the one described above is employed to take a biopsy, 
with the important difference being that the tes- 
tis is not delivered through the incision. The bene- 
fits of this procedure include decreased morbidity, 
with regard to both the size of the incision and the 
amount of testis tissue removed. The procedure is ide- 
ally reserved for the patient who has undergone a pre- 
vious successful testis biopsy or mapping procedure; in 
this patient, a repeat “window” biopsy can be targeted 
to regions of the testis in which sperm were previously 
found. 


Fine-needle aspiration/percutaneous 

testis biopsy 

There are obvious trade-offs to percutaneous biopsy of 
the testis. Benefits of the procedure include the fact that 
it can be safely performed in the office and its relatively 
low morbidity to the patient. To its detriment is the 
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fact that less meaningful information (primarily cyto- 
logical rather than histological) is returned from the 
procedure, simply because of the disorganized nature 
of the harvested tissue and the smaller amount of tissue 
returned. Despite this, an earlier series demonstrated 
that percutaneous biopsy correlated well with open 
biopsy [7]. 

Described methodologies for this procedure 
include use of the Tru-Cut biopsy needle, the Biopty 
gun, or a simple aspiration setup including a 23g 
butterfly needle [8-13]. All of these methodologies can 
be used safely with local anesthetic alone. 

A by-product of the refinement of needle biopsy 
techniques in the testis is fine-needle aspiration (FNA) 
for systematic mapping of sites of active spermato- 
genesis. This technique was initially described by 
Turek et al. [5]; further refinements of this technique 
havealso been generated from this group. A standard- 
ized technique of obtaining 20-30 needle aspirations is 
utilized. Numerous independent assessments of this 
technique have demonstrated that its utility is compar- 
able to that of open testis biopsy in terms of successful 
extraction of sperm from patients with azoospermia 
or severe oligospermia [14]. However, some disagree- 
ment continues to appear in the literature regarding 
this point. A prospective study from Scotland found 
increased success with extracting sperm through 
open biopsy as opposed to FNA mapping when the 
two methods were used in two comparable cohorts of 
patients with azoospermia [15]. 

Cytological assessment of biopsy or aspirate spe- 
cimenscan be performed inseveral ways. Thesimplest, 
and perhaps least accurate, is a wet-prep cytologi- 
cal examination [16]. A wet-prep slide is prepared by 
placing a small sample of testis tissue on a microscope 
slide with a small amount of Ringer’s lactate solution. 
A coverslip is applied and the slide is examined using 
a light (preferably phase) microscope. The relative ease 
of performing this assessment allows for its use in the 
operating room; ideally, a wet-prep examination can 
confirm that there are mature spermatozoa present in 
a biopsy. Unfortunately, wet-prep cytologies do not, 
of course, return any histologic information about the 
germinal epithelium, tubular architecture, or testicular 
interstitium. 

More accurate cytological assessments can be 
obtained using touch-prep techniques (with H&E, Pap, 
or DiffQuick staining [17]) or cytocentrifugation. Both 
are more labor-intensive than wet-prep examinations, 
but they can return more meaningful histological 
information than wet-prep cytology. 


Pathological classification of biopsy 
findings 

Crucially important to understanding the histological 
appearance ofa testis biopsy is an awareness of sperm- 
atogenesisand its progression (for further detail, refer to 
Chapter 5 on spermatogenesis). Cross sections of sem- 
iniferous tubules show samples of maturing germ cells 
at some point along the spermatogenic “wave.” In other 
words, as clonal cells in a syncytium progress through 
spermatogenesis, they occupy adjoining spaces within 
tubules, and they are therefore more likely to be sam- 
pled together on one cross section. In the human tes- 
tis, cross sections might demonstrate multiple stages 
in the spermatogenic “wave.” In the rodent, and in 
other species, however, cross sections will typically 
demonstrate only one stage of spermatogenesis. 


Tubular architecture 


The typical diameter of the seminiferous tubule in the 
adult human male is anywhere from 150 to 300 um. 
Within the tubule, spermatogonia and Sertoli cells line 
the basement membrane; this basement membrane is 
surrounded byan interstitium that includes Leydig cells 
and peritubular myoid cells (Fig. 13.2). Importantly, 
the basement membrane is maintained by collective 
action of both the Sertoli cells and peritubular myoid 
cells. Visualization of the basement membrane is made 
easier by a stain such as periodic acid-Schiff. 
Abnormalities of tubular architecture include 
such findings as tubular hypoplasia, basement 
membrane hyalinization, and peritubular fibrosis. 
Tubular hypoplasia represents a failure of the tubules 


Fig. 13.2. Light-microscope image of a section of the human 
testis (x 200). Hematoxylin and eosin (H&E) staining. See color plate 
section. 
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Fig. 13.3. Basement membrane hyalinization with associated 
peritubular fibrosis (x 200). Hematoxylin and eosin (H&E) staining. 
See color plate section. 


to enlarge during puberty; the seminiferous tubules 
are lined only with spermatogonia and immature 
Sertoli cells. This biopsy finding is potentially consist- 
ent with conditions such as hypogonadotropic hypo- 
gonadism, wherein the appropriate androgen-induced 
pubertal change in the testis is absent [18]. 

Basement membrane hyalinization (Fig. 13.3) 
refers to concentric thickening of the inner basement 
membrane, as evidenced by deposition of hyaline 
(an acellular proteinaceous material that is eosino- 
philic on H&E staining). This process can range from 
“minimal” to “complete,” with complete replacement 
of the germinal epithelium and tubular lumen. Severe 
and diffused hyalinization is termed tubular sclerosis; 
this biopsy finding can be consistent with conditions 
such as hypergonadotropic hypogonadism and hyper- 
estrogenism. Some degree of tubular sclerosis is nor- 
mal in the testis of aging men, possibly as a result of 
arteriosclerosis [18]. 


Germinal epithelium 
The germinal epithelium of the seminiferous tubule 
is composed of germ cells in various stages of devel- 
opment (spermatogonia, spermatocytes, sperm- 
atids) and Sertoli cells. In the infertile patient, changes 
in the appearance and number of these cells are char- 
acteristic. Typically defined patterns of change include 
hypospermatogenesis, maturation arrest, germinal cell 
aplasia, and end-stage changes. 
Hypospermatogenesis or germ cell hypopla- 
sia (Fig. 13.4) is simply a reduction in the num- 
ber of germ cells seen per seminiferous tubule; it 


ae 


Fig. 13.4. Hypospermatogenesis. Decreased numbers of 
germ cells, with only some elongate spermatids noted (x 500). 
Hematoxylin and eosin (H&E) staining. See color plate section. 


can be characterized as mild, moderate, or severe. 
Hypospermatogenesis by definition implies that 
a consistent proportion of germ cells is observed 
at each stage of development. A disproportionate 
number of early-stage germ cells (spermatogonia or 
primary spermatocytes) is instead consistent with 
maturation arrest. There is some evidence in the lit- 
erature that these two entities can be mistaken for 
each other [19]. 

Maturation arrest is simply the failure of 
spermatogenesis to proceed beyond a certain stage 
(Fig. 13.5). Both “early” and “late” maturation arrest 
are well defined, with “late” maturation arrest defined 
as the absence of round spermatids or later stages 
[20,21]. Clinically, “late” maturation arrest often cor- 
relates with normal or high-normal FSH, while “early” 
maturation arrest is often associated with a frankly 
elevated FSH. 

Germinal cell aplasia, or Sertoli-cell-only syn- 
drome, is defined by a total absence of germ cells at 
any stage (Fig. 13.6). This condition can be brought 
about by any number of gonadotropic insults, includ- 
ing chemotherapy, radiation, or other toxicants. In 
some patients with primary infertility, this diagno- 
sis is made on biopsy and theoretically represents a 
failure of gonocytes to migrate to the gonadal ridge 
embryonically [22]. 

End-stage change implies a total absence of the 
germinal epithelial cells, with associated tubu- 
lar sclerosis and peritubular fibrosis. This condi- 
tion, clinically associated with elevated FSH and LH 
and testicular atrophy, can be associated with many 
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Fig. 13.5. Early maturation arrest at the level of the primary 
spermatocyte (x 500). Hematoxylin and eosin (H&E) staining. See 
color plate section. 


well-known causes of male infertility, including long- 
term steroid abuse and Klinefelter syndrome. 


Malignancy 

With a lifetime incidence of approximately 0.2%, tes- 
ticular cancer is rare enough to be overlooked on occa- 
sion, especially when compared to other genitourinary 
malignancies. Importantly, however, testicular can- 
cer is at a peak incidence in patients aged 20-34 [23], 
and, as such, is more likely in patients being evaluated 
for infertility, who are largely drawn from the same 
cohort. In fact, the adjusted incidence of testicular 
cancer in patients presenting for workup of infertil- 
ity is reported to beas high as 1.1%, and patients with 
testicular cancer are known to have poorer baseline 
semen parameters pre-treatment [24]. 

Theories regarding the relationship between testis 
cancer and infertility are numerous. The most intri- 
guing comes from the Danish literature, in which 
this association is termed testicular dysgenesis 
syndrome. In summary, this theory postulates that 
increasing exposure to environmental toxicants 
has increased the likelihood of both male infertil- 
ity and testis cancer in the general population [25]. 
Significant debate continues regarding the testicular 
dysgenesis syndrome as an explanation for this phe- 
nomenon. Common risk factors for infertility and 
testis cancer, such as testicular atrophy, cryptorchid- 
ism, and steroid abuse may explain some of this rela- 
tionship. Regardless, the potential for diagnosing an 
unrecognized testis cancer in the infertile patient pre- 
senting for testis biopsy is real. While a discussion of 


Fig. 13.6. Sertoli-cell-only or germinal cell aplasia. Empty tubules 
with the exception of Sertoli cells with characteristic round nucleus 
and tripartite nucleolus (x 500). Hematoxylin and eosin (H&E) stain- 
ing. See color plate section. 


the pathological features of testicular cancer remains 
outside the scope of this chapter, familiarity with the 
classification and treatment of testis cancer is import- 
ant. Intratubular germ cell neoplasia (ITGCN) as a pre- 
malignant lesion is discussed here because of its unique 
relationship with infertility and the higher likelihood 
of finding it on biopsy than of finding frank testis can- 
cer, which is more typically associated with a palpable 
testis mass. 

ITGCN was first described by Skakkebaek in 1972 
as carcinoma in situ of the testis [26]. Histologically, 
the tumor is defined by an intact basement mem- 
brane lined by Sertoli cells and malignant-appearing 
germ cells as characterized by nuclear polymorph- 
ism. ITGCN is associated with progression to inva- 
sive testis cancer; as many as 50% of patients with 
ITGCN progress to invasive disease within 5 years. 
It is commonly thought to act as a precursor lesion for 
all forms of testis germ cell cancer with the exception of 
spermatocytic seminoma [27]. 

Importantly, even higher incidences of ITGCN are 
described in patients with a history of cryptorchidism 
(2-8%) or contralateral testis cancer (5.5%). Given 
that both these conditions are associated with infer- 
tility, the likelihood of identifying ITGCN on testis 
biopsy is even higher in the infertile cohort than in 
the general population [27]. There is no clear-cut 
treatment algorithm for this condition, and accept- 
able treatment options include observation, radi- 
ation, and orchiectomy. Obviously, an awareness of 
this condition and the ability to recognize it on biopsy 
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is vitally important in the proper management of the 
infertile patient. 


Application of novel techniques 
for analysis: flow cytometry, 
molecular biology, electron 
microscopy (EM) 


The analysis of the testis biopsies has lent itself to the 
application of technologies not normally used in histo- 
pathology. This has occurred for a number of reasons. 
First, the therapeutic nature of the testis biopsy 
depends on the ability to identify mature spermatids 
that might be appropriate for IVF/ICSI. In this most 
important regard, testis biopsy is different from any 
other tissue sampling in the human body. Second, the 
end product of normal spermatogenesis is unique in 
that it is (a) haploid in chromosomal content and (b) 
the same cell type as that which is isolated from ejacu- 
lated semen. As a result, the application to the inter- 
pretation of testis biopsy of some techniques normally 
used in semen analysis has generated meaningful data. 
This includes the use of flow cytometry to identify hap- 
loid cells, gross assessments of DNA packaging, and 
fluorescence in-situ hybridization. In addition, the use 
of other techniques in molecular biology, including 
scanning electron microscopy, has provided meaning- 
ful information in the interpretation of testis biopsies. 

Early data generated by flow cytometry analysis 
of the testis focused on the appropriate ratio of hap- 
loid, diploid, and tetraploid cells identified in the nor- 
mal testis as compared to the infertile testis [28-31]. 
Further work in flow cytometry included efforts to 
identify haploid cells in the ejaculated semen of azoo- 
spermic men as a predictor of successful testis biopsy 
[32], and the use of flow-cytometry-enriched sorting 
(FACS) to identify haploid elongate spermatids in the 
testis biopsy of rodents [33]. These elongate spermatids 
were successfully used to generate embryos using IVF/ 
ICSI. Obviously the successful use of FACS in humans 
to enrich testis cell populations of elongate spermatids 
would have tremendous clinical implications. Research 
in this field is ongoing. 

A complete discussion of the assessment of sperm 
for DNA damage (or poor DNA packaging) is found 
in Chapter 11. The topic is relevant to a discussion 
of testis biopsy in that researchers have correlated 
success in assisted reproductive techniques such as 
intrauterine insemination and in-vitro fertiliza- 
tion with use of sperm that have less DNA damage 


[34]. Investigations of DNA packaging in spermatids 
obtained from testis biopsy have followed. These stud- 
ies generated contradictory conclusions: some found 
that DNA-damaged spermatids resulted in decreased 
likelihood of pregnancy after IVF/ICSI [35], and others 
found no difference. Additional research identified 
higher levels of DNA damage in testicular sperm after 
both in-vitro culture and freeze-thaw; the investigators 
concluded that fresh testis tissue should be obtained 
before use in assisted reproductive techniques when- 
ever possible [36]. 

Finally, the application of fluorescence in-situ 
hybridization (FISH) techniques to analysis of the 
testis biopsy has also resulted in meaningful data. 
FISH analysis generates data regarding defects in 
whole chromosome number or other large-scale 
chromosomal abnormalities, such as translocations. 
Limitations to this technology include the ability to 
probe for only limited numbers of chromosomes; com- 
monly used methodologies typically probe for chromo- 
somes 13, 18, 21, X, and Y [37,38]. Investigators in the 
Netherlands considered the question of whether testis 
biopsies from severely oligospermic and azoospermic 
individuals retrieved spermatids with a higher degree 
of aneuploidy [39]. Using chromosomal probes for 
only X, Y, and 18, they found a higher degree of aneu- 
ploidy of chromosome 18 than in results of FISH 
analysis of testis biopsies obtained from men with 
normal spermatogenesis (obstructive azoospermia 
secondary to vasectomy). Results such as these illus- 
trate the importance of continued research into the 
clinical implications of testicular sperm extraction 
from patients with severe male-factor infertility. 


Scoring schema 


Although the therapeutic nature of testis biopsy often 
dictates that biopsies be performed with the goal of 
identifying sperm to be used in assisted reproduc- 
tion, it is still vitally important to apply a standardized 
schema to formal interpretation of testis biopsies. The 
information obtained includes valuable diagnostic 
data regarding the presence or absence of a contribut- 
ing obstructive etiology of infertility. This is important 
froma therapeutic standpoint, because the recognition 
of a subset of patients with severe oligospermia who 
have an underlying obstructive etiology provides an 
opportunity for microsurgical reconstruction in these 
patients. 

A standardized, reproducible, and objective 
grading system depends upon a number of features. 
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Commonly, an assessment of morphometric features 
(tubular diameter and basement membrane thick- 
ness) and/or cellular features (numbers of cells and 
types of cells seen in each field) is used to create a 
quantitative description of a biopsy specimen that can 
be communicated to other healthcare workers. 

The two most widely recognized scoring schema are 
those of Silber and Rodriguez-Rigau [40] and Johnsen 
[41]. The Johnsen scoring system, which is the most 
commonly used method for scoring testicular biopsy, 
is predicated on the premise that increasing degrees of 
testicular damage result in successive depletion of cell 
types from most to least mature. Tubules are thereby 
scored on a scale from 1 to 10, based on the most mature 
cell type observed; a score of 10 represents intact sperm- 
atogenesis while a score of 1 indicates the absence of all 
germ cells and Sertoli cells [41]. Leydig cells are scored 
on the basis of presence or absence of normal numbers 
of cells plus hyperplasia. Importantly, Johnsen’s criteria 
were validated in a series of 352 biopsies of patients with 
known diagnoses ranging from Klinefelter and Sertoli- 
cell-only to proven fertility (Table 13.1). Mean scores 
in patients with Klinefelter syndrome were 1.25, for 
example. This is in comparison to a mean score of 9.38 
in biopsies taken from proven fertile controls. 

The ultimate importance of a scoring system 
depends upon its ability to differentiate clinically 
meaningful conditions within the testis, such as matu- 
ration arrest, from hypospermatogenesis with contrib- 
uting partial epididymal obstruction. No consensus 
regarding a particular scoring system has been reached, 
and the clinical utilization of scoring systems is limited 
in the United States at present. There is continued usage 
of Johnsen’s scoring schema in Europe, however. 


Table 13.1. Mean score counts in 352 patients reported by 


Johnsen 

Clinical/pathologic diagnosis Mean score 
Normal testis 9.38 
Eunuchoid testis 3.80 

Acquired hypopituitarism 6.09 
Klinefelter syndrome 125 
Sertoli-cell-only syndrome 2.00 

Severe hypospermatogenesis 592 
Moderate hypospermatogenesis 7.80 


Data from Johnsen SG. Testicular biopsy score count: a 
method for registration of spermatogenesis in human 
testes: normal values and results in 335 hypogonadal 
males. Hormones 1970; 1: 2-25. 


Indications for biopsy in the 
evaluation of the infertile male 
Azoospermia 


The azoospermic male should be evaluated in a 
standardized fashion to exclude the existence of a 
nonobstructive cause for azoospermia before a testis 
biopsy is undertaken. A thorough history and physical 
examination can yield evidence of either obstructive 
or nonobstructive etiologies. Findings such as dilated 
seminal vesicles on digital rectal examination, absent 
vas deferens on testis examination, ora history of prior 
testis surgery can point the practitioner towards a likely 
underlying cause for infertility. 

A laboratory examination including measure- 
ment of serum gonadotropins and prolactin is 
important; an elevated FSH obviously points strongly 
toward an intrinsic cause of testis failure. Other 
vitally important information can be obtained from 
the semen analysis that indicated azoospermia in the 
first place. An acidic semen pH (less than 8.3), absent 
fructose, or an ejaculate volume less than 1.0 mL 
argues strongly for an obstructive cause of azoosper- 
mia. A postejaculatory urinalysis in these patients 
can indicate whether low-volume azoospermia is due 
instead to retrograde ejaculation. 

Finally, a genetic evaluation including a per- 
ipheral karyotype and Y-chromosome microde- 
letion assay should be performed on all patients 
with azoospermia. These tests generate important 
prognostic and diagnostic information, helping to 
identify such conditions as Klinefelter syndrome 
and AZFa, b, or c deletion. These conditions carry 
varying likelihoods of success with regard to sperm 
extraction on testis biopsy, and the identification of 
these conditions can be useful in counseling patients 
regarding treatment choices (proceeding to IVF with 
donor sperm in the case of 46,XX male syndrome, for 
example). 

A demonstrable cause of azoospermia is not always 
identified. Some patients have a normal physical 
examination, including normal-sized testes, a nor- 
mal FSH level, and a normal 46,XY karyotype with 
an intact Y chromosome. These are the patients for 
whom a testis biopsy is most clearly indicated (with 
the exception of those patients in whom there is a 
coexisting and severe female factor that precludes 
IVE). 

In these patients, a properly performed microdis- 
section TESE yields the highest likelihood of recovering 


221 


222 


Chapter 13: Testicular biopsy in male infertility evaluation 


sperm that might then be used for IVF/ICSI. This pro- 
cedure still does not, however, guarantee the recovery 
of sperm. Consequently, patients should be counseled 
as to the potential need for backup donor sperm (if they 
elect to proceed with IVF after a negative biopsy). No 
comprehensive algorithm accurately predicts the like- 
lihood of identifying sperm on testis biopsy in these 
patients. In fact, the ability to determine the presence 
or absence of sperm in the testis noninvasively would 
represent a huge advance in the treatment of patients 
with azoospermia. 


Oligospermia 

The role of the testis biopsy is less clear in the patient 
with severe oligospermia or virtual azoospermia. In 
these patients, there is evidence on semen analysis 
of spermatogenesis, and sperm obtained from the 
ejaculate can theoretically be used at any time for 
IVF/ICSI. A complete history should be obtained and 
thorough physical examination should be performed 
in order to identify and treat any reversible causes 
of male infertility, such as toxin exposure or vari- 
cocele. For those patients in whom a reversible cause 
of infertility is not identified, the testis biopsy takes 
on the added role of being diagnostically important. 
A patient with severe oligospermia who has a normal 
testis biopsy should be evaluated instead for an unrec- 
ognized component of partial obstruction. Again, a 
proper interpretation of laboratory data, including a 
semen analysis and serum gonadotropins, should min- 
imize the likelihood of this occurrence. Nevertheless, 
there are many patients who proceed to testis biopsy in 
such cases because of a normal evaluation and a need 
for further diagnostic information. 


Malignancy/partial orchiectomy 


Rarely, the testis biopsy is performed in conjunc- 
tion with a partial orchiectomy for a known testis 
tumor; this approach can be considered in patients 
who have bilateral synchronous tumors, tumor in a 
solitary testicle, or a likely non-germ cell tumor (i.e., 
Leydig cell tumor). Several series have demonstrated 
this technique to be relatively safe when combined with 
adjuvant chemotherapy or radiation, depending on the 
pathology of the primary tumor [42,43]. Obviously, 
in a group of patients for whom fertility is typically 
important (male patients aged 20-40) and in whom a 
higher likelihood of subfertility is well documented, 
partial orchiectomy as a fertility-preserving treatment 
for testis malignancy is an important concept. 


Typical biopsy findings in clinical 
states 
Ductal obstruction 


Some component of ductal obstruction will be iden- 
tified in the workup of as many as one-third of azoo- 
spermic patients presenting to an infertility clinic. This 
does not include patients who have undergone vasec- 
tomy and desire reconstruction. One might expect 
that the hallmark finding on testis biopsy in the set- 
ting of obstruction is quantitatively “normal” sperm- 
atogenesis. There are, however, subtle and important 
findings on testis biopsy that are consistent with 
new-onset obstruction. These findings also poten- 
tially implicate acquired obstruction (vasectomy) as 
being somewhat deleterious to the testis. 

Hirsch and Choi performed a retrospective review 
of biopsies obtained from both vasectomized men and 
men with a known diagnosis of congenital absence 
of the vas deferens. While there was no difference in 
mean numbers of mature spermatids, Sertoli cells, 
or tubular number, significant thickening of the 
basement membrane was observed in the vasectomy 
cohort [44]. 

A series of 32 testis biopsies performed by Jarowand 
colleagues on men who were undertaking vasectomy 
reversal resulted in similar findings [45]. Importantly, 
after vasectomy, patients had an increased likelihood 
of interstitial fibrosis, decreased numbers of Sertoli 
cells, and decreased numbers of mature spermatids. 
The presence of interstitial fibrosis also predicted like- 
lihood of infertility even after a technically successful 
vasectomy reversal. 

Other studies have all demonstrated the higher 
likelihood of antisperm antibody formation and 
change in testis weight after vasectomy [46-48]. All 
of these factors may play a role in the development of 
the aforementioned histological changes observed in 
ductal obstruction. 


Varicocele 


Several studies have considered testis biopsy findings 
in patients with a varicocele [49-52]. Biopsy find- 
ings from the ipsilateral testis included maturation 
arrest, hypospermatogenesis, abnormalities in tubu- 
lar number, interstitial fibrosis, and abnormalities in 
both Sertoli cell number and Sertoli cell junctional 
complexes. Importantly, biopsies from the contralat- 
eral testis demonstrate fewer abnormalities, suggesting 
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a greater effect of the varicocele on the ipsilateral 
testis. 


Cryptorchidism 

The hallmark finding of testis biopsy obtained from 
cryptorchid testes is decreased numbers of germ 
cells. This finding carries direct correlation to likeli- 
hood of paternity on long-term follow-up [53,54]. 


Andropause/hypogonadism/aging 

Patients with idiopathic hypogonadism and those 
with hypogonadism associated with aging (andro- 
pause) show similar features on testis biopsy. These 
findings include a decrease in seminiferous tubular 
diameter and germ cell number [55,56]. Importantly, 
correction of the underlying condition with exogen- 
ous administration of steroids does not improve these 
findings. Instead, testosterone supplementation typic- 
ally worsens spermatogenesis through suppression of 
gonadotropins. 


Steroid abuse 


Chronic abuse of anabolic steroids results in a far 
worse histological picture than replacement of tes- 
tosterone in the setting of properly diagnosed hypo- 
gonadism. Severe depletion in the number of germ 
cells leads eventually to a decrease in gross testis size. 
Morphological changes in the testis typically persist 
for a significant period of time after discontinuation 
of steroid usage [57]. 


Future directions for pathological 


analysis 

Ultimately, theideal diagnostictool for the identifica- 
tion of intact spermatogenesis would be noninvasive, 
noninjurious to the testis (minimal radiation), and 
highly accurate. The use of infrared confocal micros- 
copy in several other disciplines has increased interest 
in the field of in-vivo imaging. The need for fluorescent 
markers to enable visualization in the infrared spec- 
trum limits the potential application of this technology 
to patients with infertility. There are, however, other 
technologies that hold tremendous future potential 
with regard to the goal of noninvasive identification of 
spermatogenesis. 


Near-infrared confocal imaging 


Campo-Ruiz and colleagues have demonstrated the 
feasibility of a near-infrared confocal microscope as a 


tool for in-vivo renal biopsy using a rabbit model [58]. 
This tool, which can resolve structures to a resolution 
of 5 microns, potentially could be applied to the testis 
to assess the presence or absence of spermatogenesis 
and to target biopsies. 


Optical coherence tomography 


Kuang and colleagues presented their preliminary 
work using optical coherence tomography to assess the 
testis for spermatogenesis in patients already undergo- 
ing biopsy [59]. While their results did not show that 
the device is capable of determining spermatogenesis 
at this point, they suggest that it represents a direction 
for further investigation. 


Conclusion 


In conclusion, the testis biopsy remains a vitally 
important procedure in the armamentarium of the 
andrologist. It has a tremendous therapeutic and diag- 
nostic utility for managing the infertile male. While 
there are potential directions for future inquiry with 
regard to improving the biopsy, it still exists unchanged 
in its current form as a cornerstone treatment of infer- 
tility. An understanding of the testis biopsy, includ- 
ing the information it yields, as well as its potential 
to recover sperm for treatments such as IVF/ICSI, is 
important for every andrologist. 


References 


1] Charny CW. Testicular biopsy: Its value in male sterility. 
JAMA 1940; 115: 1429. 

2] Hotchkiss RS. Testicular biopsy in the diagnosis and 
treatment of sterility in the male. Bull N Y Acad Med 
1942; 18: 600. 

3] Schlegel PN, Li PS. Microdissection TESE: sperm 
retrieval in non-obstructive azoospermia. Hum Reprod 
Update 1998; 4: 439. 

4] Palermo G, Joris H, Derde MP, et al. Sperm 
characteristics and outcome of human assisted 
fertilization by subzonal insemination and 
intracytoplasmic sperm injection. Fertil Steril 1993; 59: 
826-35. 

[5] Turek PJ, Cha I, Ljung BM. Systematic fine-needle 
aspiration of the testis: correlation to biopsy and results 
of organ “mapping” for mature sperm in azoospermic 
men. Urology 1997; 49: 743-8. 

[6] Schlegel PN. Testicular sperm extraction: 
microdissection improves sperm yield with minimal 
tissue excision. Hum Reprod 1999; 14: 131-5. 

[7] Kessaris DN, Wasserman P, Mellinger BC. 

Histopathological and cytopathological correlations 


224 


Chapter 13: Testicular biopsy in male infertility evaluation 


[12] 


[13] 


[14] 


[15] 


[16] 


[17] 


[18] 


[19] 


[20] 


[21] 


of percutaneous testis biopsy and open testis biopsy in 
infertile men. J Urol 1995; 153: 1151-5. 

Cohen MS, Frye S, Warner RS, Leiter E. Testicular 
needle biopsy in diagnosis of infertility. Urology 1984; 
24: 439-42. 

Gottschalk-Sabag S, Glick T, Weiss DB. Fine needle 
aspiration of the testis and correlation with testicular 
open biopsy. Acta Cytol 1993; 37: 67-72. 
Gottschalk-Sabag S, Glick T, Bar-On E, Weiss DB. 
Testicular fine needle aspiration as a diagnostic 
method. Fertil Steril 1993; 59: 1129-31. 


Morey AF, Deshon GE, Rozanski TA, Dresner ML. 
Technique of biopty gun testis needle biopsy. Urology 
1993; 42: 325-6. 

Morey AF, Plymyer M, Rozanski TA, et al. Biopty gun 
testis needle biopsy: a preliminary clinical experience. 
Br J Urol 1994; 74: 366-9. 

Rajfer J, Binder S. Use of biopty gun for transcutaneous 
testicular biopsies. J Urol 1989; 142: 1021-2. 


Aridogan IA, Bayazit Y, Yaman M, Ersoz C, Doran 

S. Comparison of fine-needle aspiration and open 
biopsy of testis in sperm retrieval and histopathologic 
diagnosis. Andrologia 2003; 35: 121-5. 


Ezeh UI, Moore HD, Cooke ID. A prospective study 
of multiple needle biopsies versus a single open 
biopsy for testicular sperm extraction in men with 
non-obstructive azoospermia. Hum Reprod 1998; 13: 
3075-80. 


Coburn M, Wheeler TM, Lipshultz LI. Cytological 
examination of testicular biopsy specimens. 

Presented at Annual Meeting of the American Fertility 
Society, 1986. 

Belker AM, Sherins RJ, Dennison-Lagos L. 

Improved, simple and rapid staining method for 
intraoperative examination of testicular biopsy touch 
imprints. Fertil Steril 1995; Abstract P-074 (October 
Suppl): $128. 

Krester DM, Burger HG. Ultrastructural studies of 

the human Sertoli cell in normal men and males 

with hypogonadotropic hypogonadism before and 
after gonadotropic treatment. In: Saxen BB, Berlin 
CG, Gandy HM, eds. Gonadotropins. New York, NY: 
Wiley-Interscience, 1972. 

Cooperberg MR, Chi T, Jad A, Cha I, Turek 

PJ. Variability in testis biopsy interpretation: 
implications for male infertility care in the era of 
intracytoplasmic sperm injection. Fertil Steril 2005; 84: 
672-7. 


Coburn M, Wheeler T, Lipshultz LI. Testicular biopsy: 
its use and limitations. Urol Clin North Am 1987; 14: 
551-61. 

Aumuller G, Fuhrmann W, Krause W. 
Spermatogenetic arrest with inhibition of acrosome 
and sperm tail development. Andrologia 1987; 19: 
9-17. 


[22] 


[25] 


[26] 


[27] 


[28] 


30] 


31] 


32] 


del Castillo EB, Trabucco A, de la Balze FA. Syndrome 
produced by absence of the germinal epithelium 
without impairment of the Sertoli or Leydig cells. 

J Clin Endocrinol 1947; 7: 493. 


Huyghe E, Matsuda T, Thonneau P. Increasing 
incidence of testicular cancer worldwide: A review. J 
Urol 2003; 170: 5-11. 


Skakkebaek NE, Hammen R, Philip J, Rebbe H. 
Quantification of human seminiferous epithelium. 3. 
Histological studies in 44 infertile men with normal 
chromosome complements. Acta Pathol Microbiol 
Scand [A] 1973; 81: 97-111. 

Skakkebaek NE, Rajpert-De Meyts E, Main KM. 
Testicular dysgenesis syndrome: an increasingly 
common developmental disorder with environmental 
aspects. Hum Reprod 2001; 16: 972-8. 


Skakkebaek NE. Possible carcinoma-in-situ of the 
testis. Lancet 1972; 2: 516-17. 


Campbell MF, Wein AJ, Kavoussi LR. In: Wein AJ, 
Kavoussi LR, Novick AC, Partin AW, Peters CA, eds. 
Campbell- Walsh Urology, 9th edn. Philadelphia, WB 
Saunders, 2007. 


Evenson DP. Male germ cell analysis by flow 
cytometry: effects of cancer, chemotherapy, and other 
factors on testicular function and sperm chromatin 
structure. Ann N Y Acad Sci 1986; 468: 350-67. 


Hellerstein DK, et al. A comparison of testicular touch 
imprint to DNA flow cytometry in the quantitative 
assessment of testicular histology. Presented at 44th 
Annual Meeting of the American Fertility Society, 
October 1990, Washington, DC. 

Kaufman DG, Nagler HM. Aspiration flow cytometry 
of the testes in the evaluation of spermatogenesis in 
the infertile male. Fertil Steril 1987; 48: 287-91. 


Lee SE, Choo MS. Flow-cytometric analysis of testes 
in infertile men: a comparison of the ploidy to routine 
histopathologic study. Eur Urol 1991; 20: 33-8. 


Koscinski I, Wittemer C, Rigot JM, et al. Seminal 
haploid cell detection by flow cytometry in non- 
obstructive azoospermia: a good predictive parameter 
for testicular sperm extraction. Hum Reprod 2005; 20: 
1915-20. 


Ohta H, Sakaide Y, Wakayama T. Generation of 
progeny via ICSI following enrichment of elongated 
spermatids from mouse testis by flow-cytometric cell 
sorting. Hum Reprod 2007; 22: 1612-16. 


Zini A, Meriano J, Kader K, et al. Potential adverse 
effect of sperm DNA damage on embryo quality after 
ICSI. Hum Reprod 2005; 20: 3476-80. 

Greco E, Scarselli F, Iacobelli M, et al. Efficient 
treatment of infertility due to sperm DNA damage by 
ICSI with testicular spermatozoa. Hum Reprod 2005; 
20: 226-30. 

Dalzell LH, McVicar CM, McClure N, Lutton D, Lewis 
SE. Effects of short and long incubations on DNA 


Chapter 13: Testicular biopsy in male infertility evaluation 


[37] 


[38] 


[39] 


[40] 


[41] 


[42] 


[43] 


[44] 


[45] 


[46] 


[47] 


[48] 


fragmentation of testicular sperm. Fertil Steril 2004; 
82: 1443-5. 

Egozcue J, Blanco J, Vidal F. Chromosome studies 

in human sperm nuclei using fluorescence in-situ 
hybridization (FISH). Hum Reprod Update 1997; 3: 
441-52. 

Vidal F, Blanco J, Egozcue J. Chromosomal 
abnormalities in sperm. Mol Cell Endocrinol 2001; 183 
(Suppl 1): $51-4. 

Mateizel I, Verheyen G, Van Assche F, et al. FISH 
analysis of chromosome X, Y and 18 abnormalities 
in testicular sperm from azoospermic patients. Hum 
Reprod 2002; 17: 2249-57. 

Silber SJ, Rodriguez-Rigau LJ. Quantitative analysis of 
testicle biopsy: determination of partial obstruction 
and prediction of sperm count after surgery for 
obstruction. Fertil Steril 1981; 36: 480-5. 

Johnsen SG. Testicular biopsy score count: a method 
for registration of spermatogenesis in human testes: 
normal values and results in 335 hypogonadal males. 
Hormones 1970; 1: 2-25. 

Heidenreich A, Weissbach L, Holtl W, et al. Organ 
sparing surgery for malignant germ cell tumor of the 
testis. J Urol 2001; 166: 2161-5. 


Kirkali Z, Tuzel E, Canda AE, Mungan MU. Testis 
sparing surgery for the treatment of a sequential bilateral 
testicular germ cell tumor. Int J Urol 2001; 8: 710-12. 
Hirsch IH, Choi H. Quantitative testicular biopsy in 
congenital and acquired genital obstruction. J Urol 
1990; 143: 311-12. 


Jarow JP, Budin RE, Dym M, et al. Quantitative 


pathologic changes in the human testis after vasectomy: 


acontrolled study. N Engl J Med 1985; 313: 1252-6. 


Ansbacher R, et al. Vas ligation: humoral sperm 
antibodies. Int J Fertil 1976; 21: 258. 


Bedford JM. Adaptations of the male reproductive 
tract and the fate of spermatozoa following vasectomy 
in the rabbit, rhesus monkey, hamster and rat. Biol 
Reprod 1976; 14: 118-42. 


Fawcett DW. Interpretation of the sequelae of 
vasectomy. In: Lepow IH, Crozier R, eds. Immunologic 


49] 


50] 


51] 


[55] 


[56] 


[57] 


[58] 


and Pathophysiologic Effects in Animals and Man. New 
York, NY: Academic Press, 1979: 3-23. 

Kass EJ, Chandra RS, Belman AB. Testicular histology 
in the adolescent with a varicocele. Pediatrics 1987; 79: 
996-8. 

Cameron DF, Snydle FE. The blood-testis barrier in 
men with varicocele: a lanthanum tracer study. Fertil 
Steril 1980; 34: 255-8. 

Cameron DF, Snydle FE, Ross MH, Drylie DM. 
Ultrastructural alterations in the adluminal testicular 
compartment in men with varicocele. Fertil Steril 1980; 
33: 526-33. 


Heinz HA, Voggenthaler J, Weisbach L. Histological 
findings in testes with varicocele during childhood 
and their therapeutic consequences. Eur J Pediatr 
1980; 133: 139. 

Lipshultz LI. Cryptorchidism in the subfertile male. 
Fertil Steril 1976; 27: 609-20. 


Cendron M, Keating MA, Huff DS, et al. 
Cryptorchidism, orchiopexy and infertility: a critical 
long-term retrospective analysis. J Urol 1989; 142: 
559-62. 

Heller CG, Moore DJ, Paulsen CA, Nelson WO, 
Laidlaw WM. Effects of progesterone and synthetic 
progestins on the reproductive physiology of normal 
men. Fed Proc 1959; 18: 1057-65. 


Johnson L. Spermatogenesis and aging in the human. 
J Androl 1986; 7: 331-54. 

Heller CH, Clermont Y. Kinetics of the germinal 
epithelium in man. Rec Prog Horm Res 1964; 20: 
545-75. 


Campo-Ruiz V, Lauwers GY, Anderson RR, Delgado- 
Baeza E, Gonzalez S. Novel virtual biopsy of the kidney 
with near infrared, reflectance confocal microscopy: 

a pilot study in vivo and ex vivo. J Urol 2006; 175: 
327-36. 

Kuang W, Davis CB, Schoenfield L, Thomas AJ. Optical 
coherence tomography: a novel imaging modality for 
testicular tissue. Abstract 1806. American Urological 
Association Annual Meeting, Anaheim, CA, May 
2007. 


225 


History of chemical exposures and 
male infertility 


Despite recognition for 200 years of adverse effects of 
some compounds on the testes, knowledge in the field 
of male reproductive toxicology is still quite limited. 
Some of the first reports in the scientific literature of 
gonadotoxic substances in the workplace were pub- 
lished in the 1970s, when it was theorized in one of 
the initial papers that fertility was impaired in work- 
men exposed to lead [1]. Two years later Whorton and 
his colleagues reported marked reductions in sperm 
counts in employees who synthesized 1,2-dibromo-3- 
chloropropane (DBCP) at a pesticide manufacturing 
facility in California [2]. Subsequent monitoring stud- 
ies at other DBCP production facilities across the USA 
yielded similar findings. 

Widespread interest and concern about a con- 
nection between the release of chemicals into the 
environment and human cancer incidence resulted 
from Carson’s 1962 book Silent Spring [3]. Three dec- 
ades later Colborn in 1993 proposed and expounded 
upon the theory of endocrine-disrupting chemicals 
(EDCs), which holds that parental exposure to EDCs 
has more influence on childhood development than 
genetics [4]. Sharpe and Skakkebaek in 1993 hypothe- 
sized that excess estrogen exposure in utero could 
induce reproductive abnormalities in male offspring 
[5]. These theories have attracted enormous interest, 
controversy, debate, and research. 

There has been a parallel explosion of interest in 
the concept of environmental estrogens (EEs) [6]. 
A number of sources of EEs have been described. 
A variety of estrogenic growth promoters are com- 
monly given to livestock in the USA and Europe. 
Diethylstilbestrol (DES) was widely used as a growth 
promoter in farm animals in Europe until the 1980s. 


Adverse effects of environmental 
chemicals and drugs on the male 
reproductive system 


James V. Bruckner, David M. Fenig, and Larry |. Lipshultz 


Zeranol, an anabolic growth promoter in meat produc- 
tion in the USA, is a relatively new product with estro- 
genic activity comparable to 17$-estradiol and DES in 
vitro [7]. Levels of growth promoters in meat have been 
found to be extremely low (i.e., in the low pg-ng per kg 
bodyweight per day range) [8]. Use of such substances 
in dairy farming has resulted in increased levels of 
estrogens and sulfated estrogens in milk [9]. However, 
current levels of EDCs in the US diet do not appear to 
bea threat to human reproductive health. 

Some authorities contend that the data from epi- 
demiological studies in men from Western countries 
demonstrate progressive reductions in sperm density 
through the past century; however, this remains con- 
troversial. Carlsen et al. in 1992 reported a significant 
global decline in sperm counts between 1938 and 1990 
[10]. Swan et al. in 1997 expressed concerns about the 
data quality, model selection, and statistical designs of 
some published studies [11]; however, these investiga- 
tors found the annual declines in sperm counts in the 
USA (1.5%) and Europe and Australia (3%) to be some- 
what larger than described by Carlsen et al. in 1992 [10]. 
Others, however, have observed that experimental evi- 
dence for a significant decline in sperm counts in the 
USA is unconvincing [12]. Joffe observed that semen 
quality did decrease substantially in some European cit- 
ies, but not in others or in five US cities. In addition, he 
found that data from nonWestern countries were too 
limited and diverse to support any conclusions [13]. 


Mechanisms of testicular cell injury, 
dysfunction, and death 


For survival, all cells must: synthesize necessary 
endogenous molecules; assemble the molecules into 
macromolecular complexes, organelles, and cell mem- 
branes; produce energy; and maintain homeostasis in 
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the intracellular environment [14]. Many chemicals 
(parent compounds) or their metabolites may dam- 
age certain cell populations by one or a combination of 
mechanisms, or modes of action. Basic mechanisms of 
action of most chemicals are partially or poorly under- 
stood, if at all. 


Necrosis and apoptosis 

Apoptosis is a highly regulated form of cell death, 
involving a cascade-like activation of a series of cata- 
bolic processes that progressively disassemble the 
cell. Unlike apoptosis, necrosis predominates when 
ATP is depleted. Toxic substances exert their adverse 
effects through a variety of mechanisms which, in turn, 
induce apoptosis and/or necrosis. 

Toxic metals such as lead, cadmium, mercury, 
and arsenic bind to enzymes and proteins critical to 
cell function, negating their role in biochemical and 
physiological processes. Some other gonadotoxicants 
(e.g., organochlorines) are metabolically activated to 
reactive, electrophilic intermediates that bind avidly to 
nucleophilic groups on enzymatic and structural pro- 
teins, as well as RNA and DNA. Free radicals interact 
with polyunsaturated fatty acids in lipids to form lipid 
peroxyradicals and lipid hydroperoxides. Peroxidative 
damage of membrane lipids leads to loss of integrity 
of organelles and even the cell membrane. Inhibition 
of thiol-containing enzymes such as calcium- 
transporting ATPases occurs through depletion of 
glutathione (GSH) by free radicals [15]. Adduction of 
DNA mayalter the expression of gene products essen- 
tial for cell survival. Production of somatic mutations 
through metabolite-DNA adduct formation can serve 
as the initiating event in carcinogenesis. 

Several chemicals impede the process of oxida- 
tive phosphorylation, which is detrimental to cells 
from the depletion of ATP stores [16]. ATP deficit 
compromises the action of ATP-dependent sodium 
ion (Na*) and calcium ion (Ca**) pumps, resulting in 
loss of ionic and volume regulatory controls [17]. The 
resulting interference with processes responsible for 
calcium homeostasis depletes energy reserves further 
and activates degradative hydrolytic enzymes, includ- 
ing proteases, phospholipases, and endonucleases, 
the latter of which cause fragmentation of chromatin. 
These enzymes can overproduce reactive oxygen spe- 
cies (ROS), such as superoxide anion, and disrupt the 
cytoskeleton of sperm by dissociation of actin micro- 
filaments and their attachments to the cell membrane 
[18]. Microfilaments are believed to play an important 


role in anchoring Sertoli and germ cells and in their 
intercellular communications [19]. 

Disruption of the balance between germ cell gain 
via mitosis and loss by apoptosis plays a key role in 
mediating and modulating the action(s) of several 
gonadotoxicants. Germ cell survival in the seminifer- 
ous tubules is controlled by adjacent Sertoli cells via the 
Fas receptor-ligand system. Disruption of the Sertoli 
microtubules that serve to anchor and nourish germ 
cells results in overexpression of the Fas ligand, pro- 
moting apoptosis [20,21]. 


Endocrine disrupters and hormonal 


imbalances 


“Endocrine-disrupting chemicals” (EDCs) have been 
defined by Younglai et al. [22] as a diverse group of 
endogenous and exogenous compounds that mimic 
the effects of endogenous hormones, antagonize the 
effects of endogenous hormones, induce changes in 
the expression and/or activity of steroidogenic hor- 
mones, and alter circulating levels of steroid hor- 
mones. The tremendous amount of research that has 
been devoted to EDCs has substantially increased our 
understanding of potential risks posed by these chemi- 
cals. Nevertheless, there is still a lack of scientific con- 
sensus about numerous issues, and many uncertainties 
remain [23-25]. 

The timing of exposure to sex hormones and 
exogenous substances with hormonal actions is a crit- 
ical determinant of the nature and severity of adverse 
effects on the male reproductive system. The most 
significant “window of susceptibility” is undoubtedly 
the period of organogenesis during the first trimester 
of pregnancy [26-27]. The remainder of fetal devel- 
opment and neonatal life are somewhat less important 
“windows? Hormonal imbalances generally have rela- 
tively little impact on male reproductive function 
during childhood and adolescence. Induction of fer- 
tility problems in adult males is typically due to high- 
level exposures to gonadotoxicants [28]. 

Estrogens were the original substances of concern 
in the “endocrine disruption hypothesis.” Estrogens 
are believed to act by a number of mechanisms to 
induce male reproductive disorders, including: (1) 
suppression of androgen production [27]; (2) sup- 
pression of androgen receptor (AR) expression [48]; 
(3) reduction of Sertoli cell numbers and sperm pro- 
duction [27,29]; and (4) suppression of insulin-like 
factor 3 (INSL3) in fetal Leydig cells [30]. Estrogens 
are also known to be involved in the negative feedback 
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regulation of gonadotropin secretion, in masculiniza- 
tion of the brain, and in maintenance of sexual behav- 
ior in adult men. 

A number of scientists have proposed that certain 
industrial chemicals with estrogenic activity may 
exert such effects. However, these xenobiotics have 
been noted to be 10 000-100 000-fold less potent than 
estradiol [6] and 100-fold less potent than phytoestro- 
gens [31], leading some to doubt the influence of endo- 
crine-disrupting chemicals on male reproductive tract 
problems [32,33]. Phytoestrogens, such as the isofla- 
vones genistein and daidzen found in soybeans, often 
have mixed estrogenic and antiestrogenic effects, as 
they bind to, but only weakly activate, estrogen recep- 
tors (i.e., they are partial agonists) [34,35]. 

A variety of pesticides, including vinclozolin, 
linuron, procymidone and p,p'-DDT, as well as its 
stable metabolite p,p’-DDE, are included in a class of 
chemicals known as antiandrogens. These chemicals 
primarily act during fetal sexual differentiation to 
inhibit the synthesis or actions of androgens, thereby 
interfering with the normal masculinization of the 
male fetus [36,37]. 

Skakkebaek et al. in 2001 [38] coined the term 
“testicular dysgenesis syndrome” (TDS) for a con- 
dition consisting of as many as four disorders: poor 
semen quality, testicular cancer, hypospadias, and 
cryptorchidism. Two or more of these disorders are 
frequently seen together, suggesting they have a com- 
mon etiology; however, this remains speculative. The 
temporal increases in incidence of the four disorders 
have led some researchers to propose that concurrent 
increases in exposures to industrial chemicals with 
estrogenic or antiandrogenic activity may contribute 
to male reproductive dysfunction [6,28,38]. This view, 
however, is not shared by all [13]. In addition, adverse 
effects on human growth and development, secondary 
sexual characteristics, the timing of puberty, and inci- 
dences of hormone-sensitive cancers are not manifest 
in epidemiological studies in Europe or the USA [12]. 


Carcinogenicity 
The incidence of testicular cancer increased by 51% 
in the USA between 1975 and 1995, but stabilized in 
the first half of the 1990s [39]. There has been consid- 
erable controversy about the relative roles of genetic 
and environmental factors in the etiology of testicu- 
lar cancer. 

It should be recognized that carcinogenesis is 
a multistage process that results from a complex 


interaction of multiple factors. There is substantial 
evidence that factors operative during the early gesta- 
tional period play an important role in the genesis of 
testicular cancer [40,41]. High levels of endogenous 
maternal estrogens are associated with increased 
risks of testicular cancer and cryptorchidism in 
male offspring [6,42]. In-utero exposure to DES, 
Premarin’, and other prescribed medications con- 
taining estrogens has been associated with increased 
cancer rates [41]. 

There likely are a number of factors, in addition 
to excessive estrogen action, that give rise to aberrant 
fetal germ (carcinoma in situ) cells from which testicu- 
lar cancer develops. High exposures to antiandrogens, 
xenobiotics (e.g., certain pesticides) that inhibit the 
synthesis or actions of androgens, may play a role with 
some individuals [38,43]. Epidemiology studies have 
provided some evidence of an association between 
testicular cancer and high-level environmental expo- 
sures to polyhalogenated aromatic hydrocarbons 
(PHAHs). Ohlson and Hardell in 2000 found a sixfold 
increase in risk of testicular seminoma in polyvinyl 
chloride (PVC) plastic workers [44]. 


Factors that influence susceptibility 
to gonadotoxicants 

Dosage, potency, exposure duration, 
frequency, and thresholds 


There are a number of factors that can significantly 
alter the extent of testicular injury by chemicals. 
Potency and dosage are two of the most important 
factors. The inherent potency of different compounds 
varies dramatically. DES and ethinyl estradiol, for 
example, are more than 1000-fold more active dis- 
rupters of the male reproductive system than the most 
potent environmental estrogens [45]. It is important to 
recognize that the magnitude and duration of toxic 
effect are largely a function of the amount of the toxic 
moiety at the site of action and the length of time it 
remains there. 

The frequency and duration of toxicant exposure 
are also key determinants of damage by toxic chemi- 
cals. A chemical will accumulate in the body if it is 
slowly metabolized or eliminated and repeated expo- 
sures occur frequently. DDT, dioxins, and polychlor- 
inated biphenyls (PCBs) are examples of such agents. 
They are very lipid-soluble and slowly/poorly metab- 
olized [46-48]. Thus, they readily accumulate in adi- 
pose tissue and have long half-lives (i.e., the time it 
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takes for the internal concentration to fall by 50%). 
Conversely, many volatile alcohols, organic solvents, 
and short-chain halocarbons are rapidly eliminated by 
exhalation and metabolism [49]. 

Toxic damage can also be cumulative. Since 
spermatogonia rapidly divide throughout adulthood, 
complete recovery of spermatogenesis is likely after an 
acute, or repeated, exposure to a gonadotoxicant such 
as DBCP, if some viable spermatogonia remain. Should 
all spermatogonia be killed by intensive, prolonged 
DBCP exposure, azoospermia results. Epidemiological 
studies reveal a correlation between the duration of 
occupational exposure to DBCP and the severity of 
sperm reduction, though external exposure data are 
lacking [50]. 

The concept of dosage threshold is important to 
the understanding of both noncarcinogenic and car- 
cinogenic effects. Considerable controversy exists 
as to the existence of thresholds for genotoxic car- 
cinogens. The US Environmental Protection Agency 
(EPA) in 2005 published its policy that assumes that 
all carcinogenic chemicals have no threshold, unless 
there is definitive scientific evidence adequately 
demonstrating a nonthreshold mode of action 
[51]. This is rarely the case, so use of a linearized, 
multistage cancer risk assessment model is usually 
advocated. This model generates high cancer risk 
estimates for “vanishingly small” concentrations of 
chemicals [52]. 

The route of exposure can havea significant impact 
on the internal and target organ doses of some classes 
of chemicals. Inhalation usually results in rapid, 
extensive absorption of volatile organic chemicals 
(VOCs) into the pulmonary and arterial circulations. 
GI absorption is typically slower, less complete, and 
can be affected by a number of variables (such as gas- 
tric emptying time, gut motility, the presence of food, 
or stress). In addition, many ingested nutrients and 
xenobiotics undergo first-pass hepatic uptake. First- 
pass elimination is not effective in removing poorly 
metabolized compounds such as DDT, dioxins, and 
PCBs. Exhalation is an additional means of elimin- 
ating VOCs before they reach the arterial circulation 
[53]. DBCP, a well-metabolized VOC, is extensively 
removed by first-pass, or so-called presystemic, elim- 
ination before it reaches the testes. Thus, ingested 
DBCP produces less pronounced decreases in sperm 
count than does inhaled DBCP [54]. Dermal absorp- 
tion of DBCP and many other chemicals is limited 
under normal circumstances. 


Age, lifestyle, and personal habits 

A number of lifestyle factors and personal habits 
have been shown to have a negative impact on gen- 
eral health and the capacity to reproduce. Some fac- 
tors appear not to adversely affect fertility, while results 
of studies of other factors are inconclusive. The num- 
ber of investigations of combinations of factors has 
been limited. Most of these have been binary studies, 
although a variety of factors unique to the individual 
are operative. Many factors (e.g., age, diet, exercise, 
smoking, stress) influence general health and well- 
being, which can in turn indirectly affect reproduction 
by altering sexual behavior. 

Aging appears to have a modest effect on male 
fertility, compared with that on female fertility. 
The frequency of chromosomal anomalies in sperm 
increases somewhat with age, but there is little evi- 
dence of chromosomal abnormalities in offspring of 
older fathers [55]. There are modest, but progressive, 
decreases in Leydig cell numbers, testosterone levels, 
and sperm motility, as well as increases in the incidence 
of subfertility and time to initiate pregnancy after the 
age of 50. In a study of men over 50 years old, preg- 
nancy rates were lower, even when the female partner 
was relatively young [56]. 

Obesity has been associated with a variety of dis- 
orders in men and women including cardiovascular 
disease, diabetes, certain cancers, and delayed child 
bearing. Population-based studies have supported 
an inverse relationship between rates of fertility and 
male body mass index (BMI), with odds ratios from 
1.12 to 1.49 [57-59]. Obesity has been associated with 
decreased sperm density [60,61] and increased DNA 
fragmentation index [62]. Alterations of hormonal 
parameters likely influence spermatogenic abnormal- 
ities in obese patients. An inverse relationship between 
BMI and free/total testosterone levels in men has been 
observed [63]. Estrogen production is increased due to 
peripheral aromatization of androgens [64], and lev- 
els of inhibin B, a marker of Sertoli cell function and 
spermatogenesis, are decreased [65]. 

While some studies have demonstrated decreased 
fecundity in women with high caffeine consumption, 
Curtis et al. in 1997 saw no overall association with 
fecundity in female tea and cola drinkers, or male cof- 
fee, tea, and cola drinkers [66]. Most epidemiological 
studies have not shown a strong association between 
low- to moderate-level alcohol consumption by men 
or women and fecundity, fertility, or spontaneous 
abortion. Some investigations reviewed by Homan 
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et al. in 2007 found no association, while others indi- 
cated that moderate alcohol ingestion or as little as 
one drink per week may be implicated in reduced 
conception [67]. Curtis et al. in 1997 found no associ- 
ation between alcohol and time to pregnancy, with the 
exceptions of women who drank two glasses of wine 
per week and men who drank more than 10 glasses 
of beer a week [66]. In this study group, 41% of the 
women and 65% of the men drank while trying to con- 
ceive. Hassan and Killick in 2004 observed a significant 
reduction in fecundity only in men with heavy alcohol 
ingestion [68]. 

Cigarette smoking by men and/or women has 
been associated with decreased fertility in many stud- 
ies. In males, smoking negatively affects sperm pro- 
duction, motility, and morphology [69,70]. Zitzman 
et al. in 2003 stated that smoking by males reduced the 
success rate of in-vitro fertilization and intracytoplas- 
mic sperm injection procedures in their partners [71]. 
Martini et al. in 2004, however, failed to find alterations 
in seminal parameters in smokers or in those who con- 
sumed alcohol [72]. These investigators did observe 
reductions in seminal volume, sperm count, percent- 
age of motile spermatozoa, and nonmotile viable gam- 
etes in subjects who smoked and consumed alcohol. 
The Practice Committee of the American Society for 
Reproductive Medicine in 2004 concluded that smok- 
ing does adversely affect sperm parameters, but evi- 
dence indicating its effect on male fertility is still 
inconclusive [73]. 

There is evidence from large-scale epidemio- 
logical studies that maternal smoking can adversely 
affect semen quality in male offspring. A study by 
Jensen et al. of 1770 young men, who were undergo- 
ing compulsory military medical examinations in five 
European countries, found that men who were exposed 
to smoke constituents in utero had a smaller testis size 
and a 25% reduction in total sperm count in compari- 
son with unexposed men. Percentages of motile and 
morphologically normal sperm were also significantly 
lower [74]. Storgaard et al. in 2003 examined semen 
quality and sex hormone levels in Danish men whose 
mothers smoked while they were pregnant [75]. Total 
sperm counts and levels of inhibin B were reduced, 
while follicle-stimulating hormone levels were some- 
what elevated in sons of mothers who smoked more 
than 10 cigarettes daily. 

Mechanisms by which cigarette smoke affects 
semen quality are not fully understood. It is esti- 
mated that the combustion of tobacco yields ~4000 


compounds. More than 30 of these are known to be 
mutagens and/or carcinogens in different systems 
[70]. Zenzes et al. in 1999 found benzo(a)pyrene diol 
epoxide-DNA adducts in the sperm of men exposed 
to cigarette smoke [76]. Smoke also contains reactive 
oxygen species that are mutagenic. Nuclear DNA dam- 
age, as well as mitochondrial and cytoskeleton aberra- 
tions, appears to result from oxidative stress and adduct 
formation in gametes. Higher numbers of chemical 
adducts are found in embryos of smokers than in those 
of nonsmokers, demonstrating transmission of modi- 
fied DNA by spermatozoa [77]. Benzo(a)pyrene and 
most other lipid-soluble chemicals should readily pass 
through the intact blood-testis barrier. 

The blood-testis barrier inhibits passage of large, 
polar molecules. Nevertheless, nicotine and its water- 
soluble metabolite, cotinine, are detectable in the sem- 
inal fluid of smokers. Pacifici et al. in 1993 reported 
that motility of spermatozoa is negatively correlated 
with seminal fluid levels of nicotine and cotinine [78]. 
Gandini and coworkers subsequently reported that 
concentrations of these two compounds normally 
present in smokers’ seminal fluid do not significantly 
alter in-vitro kinetic parameters of human sperm [79]. 
Cadmium levels are markedly elevated in the serum 
andsemen ofheavy smokers. Cadmium disrupts Sertoli 
cell tight junctions, apparently by adverse effects on 
actin filaments [80]. Loss of endothelial tight junctions 
leads to edema, increased fluid pressure, ischemia, 
and tissue necrosis. Most of the mechanisms by which 
cigarette smoke affects semen quality are unknown, 
due to the large numbers and possible combinations of 
chemicals involved. 


Metabolic activation and inactivation of 
sex hormones 


Enzymes involved in the steroid biosynthesis pathway 
are beginning to be recognized as targets for the action 
of a number of EDCs. Interference with the synthesis 
of steroid hormones may result in alterations in sexual 
differentiation and development and function of the 
testes [81], and 2,3,7,8-tetrachloro-p-dioxin (TCDD), 
monobutyl phthalate (MBP), Di-n-butyl phthalate, 
lindane, and azole fungicides all exert antiandrogenic 
effects by interfering with the steroid biosynthesis 
pathway. 

Only ~0.3% of circulating testosterone is converted 
by aromatase (CYP19), a mitochondrial P450 isozyme, 
to estradiol in adult human males [82]. A number of 
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xenobiotics are reported to affect aromatase [81]. 
Conversion of testosterone to estradiol appears neces- 
sary for initiation of spermatogenesis and mitosis of 
spermatogonia [83]. Elevated aromatase activity in 
males, induced by trazines herbicides, can result 
in excessive estrogen exposure and hypoandrogen- 
esis [81,84]. Ketoconazole, an imidazole drug, inhibits 
steroid biosynthesis and is used as a rapid method of 
castration in patients with metastatic prostate cancer. 
Metabolic inactivation of testosterone, which 
occurs primarily in the liver, may be induced by methyl 
tertiary-butyl ether (MTBE) (an oxygenated fuel addi- 
tive) and endosulfan (an organochlorine insecticide) 
through stimulatory effects on hepatic isozymes [85]. 


Blood—testis barrier 


The blood-testis barrier (BTB) serves to protect 
spermatogenesis from many potentially cytotoxic 
drugs and other chemicals. It is created by tight cellu- 
lar junctions and bands of contractile myoid cells [86]. 
The BTB is well equipped to maintain low concen- 
trations of many xenobiotics in the proximity of the 
germinal epithelium. The efficiency of the BTB as a 
barrier depends upon the properties of xenobiotics. 
Small, uncharged, lipophilic chemicals enter the sem- 
iniferous tubules much more rapidly and extensively 
than large, hydrophilic molecules [87]. Small lipo- 
philic molecules, such as 1,2-dibromo-3-chloropro- 
pane (DBCP) and ethylene dibromide (EDB), readily 
diffuse across BTB membranes. P-glycoprotein, an 
efflux transporter, and related transporters appear 
to serve as an effective protection mechanism against 
other potentially gonadotoxic xenobiotics. Relatively 
few chemicals that are directly cytotoxic to testicular 
germ cells have been identified. 


Assessment of risks of exposure to 
male reproductive toxicants 
Significance and relevance of laboratory 
animal models/testing to humans 


Male reproductive development and functions in 
humans are very similar to those in other mammals. 
Extrapolation of findings in male rodents to men is 
thus quite reasonable. Sexual differentiation and fetal 
reproductive tract development are strikingly similar 
in utero, although the timing at which maturational 
events occur is different and must be taken into account 
[26,27]. The complex processes of spermatogenesis and 
sperm maturation are remarkably alike, though the 


timing is compressed in mice and rats [26]. Formation 
of spermatozoa and maturation of sperm in adult men 
take ~64 and 5-10 days, respectively. These two pro- 
cesses in mice and rats take 34.5 and 48-52 days, respec- 
tively. The quality of human sperm is lower than in 
rodents and most other mammals. Men produce fewer 
spermatozoa per gram of testis. Furthermore, there are 
more abnormal forms, lower motility, and fewer motile 
sperm in human semen [26]. Experiments can also be 
conducted in species (e.g., monkeys) that more closely 
resemble humans in metabolism and systemic disposi- 
tion of xenobiotics. 

Retrospective studies of potential human gonado- 
toxicants in laboratory animals can be very inform- 
ative. Experience is limited, however, in judging the 
human relevance of certain detrimental reproductive 
effects of chemicals in animals. This is attributable to 
the limited number of situations in which humans have 
been subjected to exposures of endocrine-disrupting 
chemicals (EDCs) high enough to cause adverse effects 
[88-91]. In numerous other instances, apparent repro- 
ductive problems have been reported in populations 
with somewhat lower or much lower EDC exposures. 
Vietnam veterans, for example, tended to have lower 
sperm counts and fewer morphologically normal 
sperm than controls. Relatively few of these men, how- 
ever, were heavily exposed to Agent Orange, aherbicide 
that contained high concentrations of dioxins [92]. 

Multiple confounding variables are invariably 
present in most environmental and occupational set- 
tings where humans are exposed. Common factors to 
consider, among others, are smoking, alcohol, drugs, 
industrial chemicals, diet, ethnicity, socioeconomic 
status, age, health, and genetics [49]. 

Prospective studies of the gonadotoxic potential 
of new or previously untested chemicals in laboratory 
animals can also be very informative. A series of tests 
for testicular and reproductive injury is prescribed by 
the US EPA under the Toxic Substances Control Act. 
It is important to recognize that the susceptibility 
of different species to hormones and gonadotoxic 
chemicals can vary substantially. 


Risks associated with environmental and 


occupational exposures 

The possibility that EDCs are having a substantial 
impact on ecological systems and human health has 
been a major concern to the public since the early 
1990s [25]. Progressive increases in testicular can- 
cer, hypospadias, cryptorchidism, and lower sperm 
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counts (i.e., testicular dysgenesis syndrome [TDS]) 
in the Western world, since 1900, suggest a role for 
environmental factors. A number of research groups 
have initiated experiments to learn whether adverse 
reproductive effects of frequently encountered com- 
binations of EDCs are additive, synergistic, or even 
antagonistic. Epidemiological studies have shown 
some spatial and temporal trends associated with high 
exposures to one or more EDCs. Human and animal 
experimentation has demonstrated that most EDCs 
have very weak estrogenic or antiandrogenic activity. 
Fortunately, tissue concentrations of DDT, PCBs, and 
most other organochlorines have diminished sub- 
stantially in Western countries, in which they were 
banned in the 1960s and 1970s. 

On occasion, accidental environmental releases 
or contamination of foodstuffs can result in adverse 
effects on the male reproductive system. In 1976, in 
Seveso, Italy, a factory producing 2,4,5,-trichlorophe- 
nol exploded. Large amounts of TCDD, an extremely 
toxic by-product, were released into the surrounding 
area. A number of detrimental effects were seen in 
exposed women and their offspring. Mocarelli et al. in 
2000 observed a decrease in the male : female ratio of 
children with increase in the fathers’ serum TCDD con- 
centrations [93]. The Yusho incident in Japan, in 1968, 
involved contamination of rice oil with PCBs, as well 
as lesser amounts of dibenzofurans and polychlorin- 
ated terphenyls. Exposure of pregnant women to these 
chemicals resulted in increased fetal loss and neonates 
of low birthweight [94]. Pubertal boys exposed in 
utero had a shorter penis. A study of 195 Swedish fish- 
ermen with relatively high dietary intake of PCBs and 
DDT, however, failed to reveal a significant association 
between serum  2,2’,4,4’,5,5’-hexachlorobiphenyl 
or p,p’-DDE and semen quality or reproductive hor- 
mone levels [95]. Ayotte et al. in 2001 did find elevated 
serum p,p’-DDE levels in men from an area in Mexico 
where DDT was sprayed to control malaria [96]. The 
levels were 350-fold higher than levels measured in 
Canadians by the same laboratory. The Mexicans’ 
serum p,p'-DDE levels were inversely correlated with 
semen volume and sperm count. Garcia-Rodriquez 
et al. in 1996 described clustering of cryptorchidism 
in agricultural areas with intensive pesticide use [97]. 
The highest chemical exposures and the greatest like- 
lihood of injury usually occur in agricultural and 
occupational settings. 

Data from animal toxicology studies are gener- 
ally in agreement with human experience. Animals 


must be administered high doses of potent EDCs for 
extended periods, often during pregnancy, to produce 
abnormalities of the male reproductive tract. Animal 
studies clearly show threshold doses that must be 
exceeded to elicit injury. Adverse effects in animals 
subjected to high exposures are like those of pregnant 
women given unusually high doses of EDCs. Many 
authorities now agree that the uniformly weak activ- 
ities and normally low levels of environmentally 
encountered EDCs and EEs in developed countries 
are far from sufficient to cause testicular disorders 
[12,13,27,31,33,45,98]. 


Gonadotoxic and endocrine- 
disrupting chemicals 
Short-chain aliphatic hydrocarbons 
(halocarbons) 


Methyl bromide and methyl chloride 

Methyl bromide (bromomethane) (MeBr) has been 
widely used as a fumigant, as a methylating agent in the 
chemical industry, and as a solvent for extracting oils 
from seeds, nuts, and wool [99]. MeBr is also highly 
toxic to humans and other mammals. As MeBr vapor 
is colorless and nearly odorless, inhalation of toxic con- 
centrations can occur without the victim’s knowledge. 
Alexeeff and Kilgore in 1983 reported 1,156 known 
fatalities and 843 serious injuries as of 1983 [100]. 
Pulmonary edema, congestion, and hemorrhage were 
often observed in the victims. The Montreal Protocol 
has significantly reduced the use of MeBr, though the 
USA has obtained critical-use exemptions and con- 
tinues to apply several million kilograms annually to 
farm soil and crops [101]. 

A series of investigations was carried out with 
rodents to identify and to characterize effects of MeBr 
on target organs. Damage occurs in a variety of tis- 
sues including the cerebrum, adrenal glands, nasal cav- 
ity, liver, and testes [102]. Adverse male reproductive 
effects in rodents include a decrease in plasma testos- 
terone levels during exposure [103], testicular atrophy 
and degeneration [104], and decreased fertility [105]. 
No studies were located regarding reproductive effects 
of MeBr in humans. 

Methyl chloride (chloromethane) (MeCl) is a 
colorless, nearly odorless gas at room temperature. It 
is used primarily in production of silicones. It is also 
used as a blowing agent in molding polystyrene and 
polyurethane foams, as an aerosol propellant, and as a 
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chemical intermediate in methylation reactions [106]. 
It is estimated that a total of 2.3 million kilograms of 
MeCl were released into the environment in 1996, 
from 96 processing facilities in the USA [107]. The 
general population in urban areas is not expected to 
be exposed to air concentrations above 3 parts per bil- 
lion. Occupational exposures may result in inhalation 
of as much as 10 parts per million. Methanethiol and 
formaldehyde are believed to be proximate cytotoxic 
metabolites of both MeCl and MeBr. 

The reproductive toxicity of MeCl has been 
characterized in laboratory animals, as no pertinent 
human data have apparently been made available. 
MeCl, like MeBr, damages a number of tissues (e.g., 
cerebrum, liver, kidney, testes) of rodents but is much 
less potent. Studies have demonstrated that the expo- 
sure of rodents to MeCl causes transient decreases in 
serum testosterone [108], epididymal granulomas 
[108,109], testicular degeneration, and decreased fer- 
tility [110]. 

The pharmacokinetics and mode of action of 
MeC]l and MeBr are quite similar. Both are small, 
uncharged, lipophilic molecules. Thus, they are 
quickly and extensively absorbed from the lungs and 
GI tract. Distribution to the testes and brain is similar 
to that to a number of other tissues, despite the blood- 
testis and blood-brain barriers [111]. These findings 
are indicative of the ability of these and other volatile 
organic chemicals (VOCs) to diffuse readily through 
membranes and tight junctions between cells. Both 
MeCland MeBr are metabolically activated to the cyto- 
toxic metabolites formaldehyde (via the P450 oxidative 
pathway) and methanethiol (via the glutathione conju- 
gation pathway [112,113]. 


Ethylene dibromide 

The primary use of ethylene dibromide (1,2-dibro- 
moethane) (EDB) since the 1920s has been as a lead 
scavengerin tetra-alkyl gasoline. Its use began to decline 
in the late 1970s, with increasing restrictions by the US 
EPA on the sale of leaded gasoline [114]. The second 
largest use of EDB was as a fumigant for stored grains 
and other food products, as well as for golf courses and 
soil used to cultivate citrus, vegetable, and grain crops. 
The EPA began a review of EDB’s potential health effects 
that led to cancellation of many of its agricultural appli- 
cations in the mid-1980s [115]. Itis still used in the USA 
for designated pest-control situations. The major route 
of human exposure to this VOC is inhalation. Improper 
disposal of EDB, and its widespread use as a soil steri- 
lant, led to its contamination of groundwater in many 


nations [116]. Controlled experiments in animals have 
confirmed that EDB is gonadotoxic [117-122]. 

A number of epidemiological studies of occupa- 
tionally exposed populations have focused on sperm- 
atotoxicity and fertility. Takahashi et al. in 1981 
reported a reduction in sperm count in a small group 
of pineapple farm workers in Hawaii, but concurrent 
marijuana use and DBCP exposure confounded the 
findings [123]. A group of 46 men exposed to EDB for 
five years in a papaya fumigation operation in Hawaii 
were compared to matched controls [124]. There were 
statistically significant reductions in the papaya work- 
ers’ sperm viability, motility, and count, as well as 
increases in the proportion of morphological abnor- 
malities. Schrader et al. in 1988 described a longitudi- 
nal study of 10 EDB-exposed forestry employees and 6 
unexposed men [125]. There were substantial decreases 
in sperm velocity and semen volume in the EDB group. 
Ter Haar in 1980 evaluated 59 men exposed to EDB in 
a plant producing gasoline additives [126]. Employees 
with relatively high (500-5000 ppb) vapor exposure 
had lower sperm counts than those with lower (< 500 
ppb) exposures. No unexposed controls were included. 
A reduction in male fertility of 29% was observed in 
one of four EDB manufacturing plants investigated 
by Wong et al. in 1979 [127]. Unfortunately, several of 
the aforementioned studies lacked sufficient statisti- 
cal power, due to small sample sizes and other meth- 
odological weaknesses, to reliably detect an association 
between EDB exposure and infertility [114]. These 
studies do indicate that sufficiently high doses of the 
VOC adversely affect human sperm, though it is not 
clear what inhaled concentration and duration of 
exposure are required to have such an effect. 


1,2-Dibromo-3-chloropropane (DBCP) 

DBCP enjoyed widespread use as a nematocide in the 
USA anda number of other nations from the mid-1960s 
until its use was restricted and then banned in the late 
1970s [54]. DBCP is a relatively volatile, lipophilic 
halocarbon that is well absorbed from the lungs and 
GI tract [128]. Although Torkelson et al. reported 
severe atrophy and degeneration of the testes of sev- 
eral species of laboratory animals exposed to DBCP 
by inhalation [129], adverse effects on human testicu- 
lar function were not recognized until the mid 1970s. 
Azoospermia and oligospermia were originally dis- 
covered in 14 of 25 employees who were synthesizing 
and packaging DBCP at a northern California agricul- 
tural chemical plant [2]. These findings prompted epi- 
demiological studies at other facilities that produced 
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the pesticide in the USA and Israel [130-132]. The 
incidence of oligospermia and azoospermia at each 
facility was dependent upon the duration of the work- 
ers’ exposures to DBCP. Inhalation and dermal contact 
were the major exposure routes. There was a paucity of 
exposure data in these occupational exposure settings, 
so dosages of the chemical required to adversely affect 
reproductive function in men are still unknown. 

Experiments in laboratory animals have demon- 
strated that the spermatotoxic effects of DBCP are 
dose-, route-, and species-dependent. Inhaled DBCP 
is much more toxic than ingested DBCP, as the liver 
removes much more of such chemicals before they reach 
and damage the testes [49]. Rats consuming DBCP in 
their drinking water are less susceptible [133] than rats 
given the same daily dose as an oral bolus [134], due to 
the animals’ cytotoxicity defense and repair processes. 
Foote et al. saw testicular injury in rabbits at lower drink- 
ing water levels than in rats [135]. Rao et al. reported 
rabbits to be approximately 10 times more sensitive 
than rats to inhaled DBCP [136,137]. In-vitro metabol- 
ism and toxicity experiments reveal that human testicu- 
lar cells activate less DBCP metabolically than rat cells 
and experience less pronounced adverse effects. 

There have been a limited number of studies of 
possible reproductive effects of DBCP on male pesti- 
cide applicators and agricultural workers. Reduced 
sperm counts have been reported in some pesticide 
applicators [138,139] and DBCP formulators and users 
[140]. However, two comprehensive investigations of 
pineapple farm workers in Hawaii by the National 
Institute of Occupational Safety and Health (NIOSH) 
demonstrated no changes in sperm count or morph- 
ology [141,142]. 

Because DBCP and several structurally related 
halocarbons are small, uncharged, lipophilic mol- 
ecules, they readily pass from the blood through the 
blood-testis barrier to the Sertoli and germ cells. A 
very limited number of drugs and other chemicals 
have the properties that allow them to enter and act in 
the immediate proximity of the Sertoli cells and gono- 
cytes of adults. There are a number of chlorinated and 
brominated propanes that have these properties and 
are quite gonadotoxic [143]. 


Polyhalogenated aromatic 
hydrocarbons (PHAHs) 
DDT and DDE 


1,1,1-Trichloro-2,2’-bis (p-chlorophenyl) ethane (DDT) 
has been used widely throughout much of the world 


since its introduction by Allied forces in World War II 
to control mosquitoes that carried typhus and malaria 
[144]. DDT remained the most widely used insecticide 
in the world until the mid to late 1960s, when its use 
was severely restricted or banned by most developed 
countries. DDT has continued to be applied in some 
developing countries for vector control [145,146]. 

DDT and its major metabolites are very persist- 
ent in the environment and in humans and animals. 
They accumulate in animals’ adipose tissue because of 
their lipophilicity and slow metabolism. These prop- 
erties result in their accumulation in food chains, with 
predatory fish, birds, and mammals at the tops of the 
chains exhibiting the highest body burdens [144]. Fatty 
fish, dairy products and other such foods continue to 
be the primary sources of human exposure to DDT, 
DDE, and other polyhalogenated aromatic hydrocar- 
bons (PHAHs) in developed countries. It is estimated 
that current intakes in developing countries in Asia are 
up to 100-fold higher than in more advanced nations. 
Nevertheless, it was concluded by the World Health 
Organization that the public health benefits from using 
DDT were far greater than its potential risks [147]. 

In-utero and lactational exposure of experimental 
animals to DDT and its major metabolites have been 
shown to produce a variety of reproductive abnormal- 
ities in male offspring. Antiandrogenicactions affecting 
male sexual development have been demonstrated in 
rats and rabbits resulting in hypospadias, cryptorchid- 
ism, and decreased weights of androgen-dependent 
tissues such as seminal vesicle and prostate [148-151]. 

Adverse effects of DDT and certain of its stable 
metabolites apparently result from a combination 
of estrogenic, antiandrogenic, and cytochrome 
P450 (CYP)-inducing actions. Early developmental 
stages are particularly sensitive to endocrine modu- 
lation. Kelce et al. in 1995 found that p,p’-DDE had 
little ability to bind to estrogen receptors (ERs), but it 
inhibited androgen binding to the AR and androgen- 
induced transcriptional activity, as well as growth of 
androgen-dependent tissues, in developing and in 
adult rats [150]. DDT and its metabolites may also dis- 
rupt male sexual development and function through 
induction of aromatase [152,153] and site-specific tes- 
tosterone CYP hydroxylases in the liver [154]. 

There have been a number of epidemiological 
studies of potential relationships between levels of 
DDT and certain of its metabolites in humans and 
reproductive dysfunction. On the basis of studies 
of diverse populations, including US men [155,156], 
Swedish fisherman [157], Inuits, and Ukrainians, it 
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can be concluded that current DDT/p,p'-DDE lev- 
els in European populations exert minimal, if any, 
adverse effects on male reproductive functions 
[156,158-160]. 

Adverse reproductive effects have been observed 
in males subjected for years to extremely high DDT 
exposures. Young men in regions of Mexico where 
malaria was endemic and DDT routinely sprayed were 
found to have decreased sperm motility [161], semen 
volume, sperm count, and serum testosterone [96]. 
Dalvie et al. in 2004 examined 60 South African mal- 
aria control workers who had been employed for ~16 
years [162]. There was an increase in abnormal sperm 
morphology, as well as a negative association between 
p.p'-DDE levels and sperm count. Longnecker et al. in 
2007 found no evidence that in-utero exposure to p,p’- 
DDE in Chiapas, Mexico, reduced androgen action, 
as reflected by anogenital distance and penile dimen- 
sions, in 781 newly delivered male infants [163]. These 
research projects demonstrate that extremely high 
DDT/DDE exposures can significantly impact sperm 
quality in adults. The data are inadequate, however, 
to indicate what risks in-utero exposure to such large 
amounts of the pesticide may pose to normal devel- 
opment of the male reproductive tract. 

There is concern that the weak endocrine-disrupter 
effects of the numerous PHAHs, PAHs, and halocar- 
bons, to which we are exposed environmentally, may 
be additive, or even synergistic. In one study, com- 
bined levels of the eight most abundant pesticides, 
including o,p'-DDT and p,p’-DDT, were significantly 
higher in the breast milk ingested by boys with crypt- 
orchidism [164]. As the estrogenic potency of these 
chemicals is quite low [31,33], their combined effects 
in people with very high exposures appear likely causes 
of adverse male reproductive effects. 


Polychlorinated biphenyls (PCBs) 

PCBs are a class of PHAHs that consist of two joined 
phenyl rings. PCBs are very resistant to degrada- 
tion by water, acids, and alkalis and can withstand 
temperatures of up to 500 °C without degradation. 
Therefore, PCBs were widely used for moistureproof- 
ing and sealing, as a solvent for lipophilic pesticides, 
as flame retardants, and for heat transfer applications 
in auto brake systems, heating/cooling systems, power 
transformers, and electrical capacitors [47]. The most 
extensive human exposures occurred in Japan [88] and 
Taiwan [89] in the late 1960s and 1970s, respectively, 
when rice cooking oil was adulterated with PCBs con- 
taining polychlorinated dibenzofurans. As PCBs are 


very lipid-soluble and many isomers are resistant to 
metabolic clearance [165], they underwent biomagni- 
fication and accumulated in adipose tissue of wildlife 
and humans. PCBs remain ubiquitous environmental 
contaminants due to their extensive use in the past and 
their extreme stability. PCBs were banned in the USA 
in 1977 but have continued to contaminate food sup- 
plies in the USA and much of the rest of the world for 
years. Concentrations in human tissues have progres- 
sively decreased for 20 years since the bans in the USA 
[47], but have diminished more slowly during the past 
decade [166]. 

There have been a limited number of investigations 
of potential effects of PCBs on the male reproductive 
tract in experimental animals. Adverse effects on the 
female reproductive system, fertility, and pregnancy 
outcomes were found to be much more pronounced 
and were more thoroughly characterized. Fertility was 
impaired in male offspring of rats exposed lactationally 
to PCBs in their first nine days of life. Limited infor- 
mation on PCB-induced gonadotoxicity in primates 
was found in the literature. Allen and Norback in 1976 
did report that one of four male rhesus monkeys ingest- 
ing 0.1 mg Aroclor 1248/kg for 17 months exhibited 
decreased libido [167]. Histological examination of 
the affected animal’s seminiferous tubules revealed an 
absence of mature spermatozoa and a predominance 
of Sertoli cells. 

Adverse effects on the human male reproductive 
system have been documented in the two situations 
involving the highest known exposures to PCBs. Mass 
exposure to PCBs through contamination of cooking 
oil occurred in Japan in 1968 and Taiwan in the late 
1970s [168]. 

A study of the sperm of young men born to exposed 
women revealed abnormal sperm morphology, 
reduced motility, and diminished capacity to pene- 
trate hamster oocytes [169]. In 1999-2002, Huang 
et al. assessed the sperm quality of 40 adults who had 
been directly exposed to PCBs and PCDFs in Taiwan 
[170]. After 20 years, their sperm had more abnor- 
mal forms, lower numbers, and reduced ability to 
penetrate hamster oocytes. No information about 
gonadal effects on Japanese victims or their offspring 
was located. 

As fish are a major source of dietary exposure to 
PCBs and other PHAHs, there have been a number 
of studies of potential effects of fish consumption 
on human male reproductive function. Some stud- 
ies have shown an association between high-fish 
diets and reduced fecundability, but others have not. 
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High dietary exposure to PCBs may result in a slight 
reduction in male fertility, most likely due to mod- 
est effects on sperm motility and ability to penetrate 
oocytes [171-174]. 

Assessments of associations between PCB levels, 
or body burdens, and male reproductive function in 
the general population have yielded mixed results. 
The most consistent change across studies of subfertile 
men was reduced sperm motility [155,175,176], which 
raises the possibility of the absence of a dose-response 
relationship for this adverse effect [43]. 

PCBs appear to act by different mechanisms to 
produce multiple effects on the reproductive sys- 
tem. The net effect is difficult to predict, as complex 
mixtures of PCB isomers, DDT and p,p’-DDE, diox- 
ins, dibenzofurans, and other PHAHs are typically 
encountered environmentally [177]. Certain PCBs 
can produce estrogenic effects by binding to a and 6 
estrogen receptors (ERs), while others exert anties- 
trogenic effects [178]. Hauser et al. in 2003 concluded 
that individual PCB isomers have different biological 
activities, depending upon the number and pattern of 
chlorine substitutions [176]. 

Men show relatively little effect unless their expo- 
sures to PCBs as adults are extremely high, as in the 
Yucheng incident in Taiwan [170]. It appears that high 
levels of exposure during gestation or early childhood 
are associated with increased risks. As described pre- 
viously, Guo et al. in 2000 reported deficits in sperm 
quality in young men born to highly exposed women 
in Taiwan [169]. High concentrations of these com- 
pounds and their hydroxylated metabolites appar- 
ently can upset the delicate estrogen/androgen 
balance required for proper development of the 
reproductive system. 

The multiple mechanisms of action of the myriad 
of PCB isomers and metabolites, PHAHs, and PAHs 
make it difficult to predict whether the sum total of 
current lowlevels of these xenobiotics may subtlyinflu- 
ence human male reproductive tract development. 


Phthalates 


The potential effects of phthalates on the male repro- 
ductive system are of concern, as a large proportion 
of the general population is currently exposed to the 
compounds. Phthalates are alkyl or dialkyl aryl esters 
of 1,2-benzenedicarboxylic acid. Widespread expos- 
ure is reflected by the common occurrence of phthal- 
ate metabolites in the urine of persons monitored in 
two cross-sectional studies in the USA [179,180]. 


Phthalate esters have been used since the 1920s as plas- 
ticizers for PVC. Phthalates are also components of 
many other consumer goods such as carpet backing, 
paints, glues, soaps, shampoos, hairsprays, cosmet- 
ics, perfumes, insect repellants, and PVC tubing that 
is commonly used for medical therapies. Exposures in 
occupational settings can occur by skin contact and 
inhalation of vapors and dust. The general population 
is subjected to lower levels of phthalates via dermal, 
inhalation, and oral routes. Food used to be a major 
source of phthalates. The lipophilic compounds will 
migrate from paper and plastic wraps into fatty foods, 
although di(2-ethylhexyl)phthalate (DEHP), one of 
the more commonly utilized phthalates, apparently 
has not been used in food wraps in the USA for the last 
25 years [181]. 

Investigations have shown that DEHP, di-n-butyl 
phthalate (DBP), and certain other phthalates disrupt 
reproductive tract development in the male rat in an 
antiandrogenic manner [148,182]. Oral administra- 
tion of DEHP to rats results in multinucleated gono- 
cytes [183], Leydig cell hyperplasia, and decreased 
testosterone production and levels [184]. Similarly, 
lower dosages of DEHP have been reported to produce 
adverse testicular effects including aspermatogenesis 
when exposures are prolonged [185]. 

In-utero exposure of fetal male rats to DEHP and 
DBP induces a constellation of reproductive tract dis- 
orders remarkably similar to human testicular dys- 
genesis syndrome (TDS) [186,187]. Both DBP and 
DEHP can inhibit production of testosterone, a factor 
in the occurrence of hypospadias and cryptorchidism. 
While intake of phthalates by the general popula- 
tion appears to be both decreasing and substantially 
lower than adverse-effect levels in rodents [180], 
some scientists believe it is plausible that current levels 
of environmental antiandrogens (e.g., phthalates) have 
the potential to affect male reproductive health [38]. 


Medications 


Drugs and medications may have an adverse impact 
on fertility through a variety of mechanisms includ- 
ing direct toxicity to the testicular germ cells and 
supporting cells, alterations of the hypothalamic- 
pituitary-gonadal (HPG) axis, or effects on sexual 
performance by impairment of libido, erections, or 
ejaculation. 

Gonadotoxins may cause cellular damage by dis- 
rupting the balance between germ cell gain via mito- 
sis and loss by apoptosis. Germ cell survival in the 
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seminiferous tubules is controlled by adjacent Sertoli 
cells, which are susceptible to apoptosis when their 
microtubular structure is altered. It should be recog- 
nized that apoptosis of cells with chemically induced 
damage of their DNA is an important self-defense 
against mutagenesis and oncogenesis. Impairments of 
sperm density, motility, and morphology may occur, 
which in some instances may be permanent in nature. 
Alterations in the HPG axis may result in abnor- 
mal levels of circulating gonadotropins or testoster- 
one. Ejaculation may be impaired by medications that 
cause retrograde ejaculation, impair spinal reflexes, or 
inhibit emission. Erectile dysfunction may be impaired 
through neurological or vascular-mediated effects. 


Common medications 


Hormonal agents 

Diethylstilbestrol (DES) was widely prescribed in the 
USA for some 25 years to prevent miscarriage and to 
treat a variety of complications of pregnancy. It was 
given to an estimated 10-20 million women in the USA 
from the late 1940s until 1971, despite a randomized 
clinical trialin 1953 that showed DES was ineffective for 
the conditions for which it was being prescribed. DES 
has greater estrogenic potency than estradiol. In-utero 
exposure of female fetuses significantly increased 
their risk of developing vaginal clear cell adenocarcin- 
omas [188] and future infertility [189]. Boys born to 
mothers who took DES have increased incidences of 
cryptorchidism [13], hypospadias [190], and other 
congenital malformations including epididymal cysts, 
hypoplastic testes, and urethral stenosis. Impairment 
of spermatogenesis may also be seen [191]. 

Antiandrogens and luteinizing hormone-releas- 
ing hormone (LHRH) analogs are primarily used in 
older men as a treatment for prostate cancer, but may 
be used to treat sexually aggressive behavior in ado- 
lescents. These medications cause a decrease in libido 
and sperm production [192]. The effects are typically 
reversible with cessation of the medication. Similar 
effects are also seen with estrogenic agents used in the 
past for prostate cancer resulting in decreased libido, 
loss of potency, and testicular atrophy. Atrophy of the 
seminiferous tubules accounts for the abnormal semen 
parameters. 

Finasteride, an oral 5a-reductase enzyme inhibi- 
tor, is used to treat benign prostatic hyperplasia with 
a 5 mg dose and male-pattern baldness with a 1 mg 
dose. Two recent publications described a total of 


five patients taking finasteride, 1 mg, with impaired 
semen parameters ranging from azoospermia to nor- 
mal counts with severely reduced motility. Cessation 
of medication resulted in improvements in sperm den- 
sity, motility, and morphology within six months to 
one year [193,194]. These reports are in contrast to the 
findings of a double-blind, placebo-controlled, multi- 
center study by Overstreet et al. In this study of 181 men 
randomized to 1 mg of finasteride or placebo for 48 
weeks, no changes in sperm concentration, total sperm 
per ejaculate, sperm motility or morphology were seen 
at any point in time [195]. Standard dosing of finas- 
teride and dutasteride for benign prostatic hyperplasia, 
however, has been reported to result in mild decreases 
in sperm motility [196]. 

The use of testosterone replacement therapy 
(TRT) is more common because there are effective, 
safe exogenous topical gels, intramuscular agents, 
transdermal patches, and oral or buccal preparations. 
Exogenous testosterone impairs spermatogenesis 
by inhibiting the HPG axis. Reduced gonadotropin 
release by the pituitary gland mediates the effects on 
spermatogenesis and a reduction in intratesticular tes- 
tosterone. Human chorionic gonadotropin (hCG) is 
an alternative to testosterone replacement therapy 
in hypogonadal men interested in fertility. A homo- 
log to luteinizing hormone (LH), hCG is administered 
via subcutaneous injection. Both hCG and clomiphene 
citrate, a weak estrogen, improve serum and intrates- 
ticular testosterone without decreasing gonadotropin 
levels. 

The use of androgenic-anabolic steroids (AAS) 
by professional and amateur athletes is increasing. 
These agents may have devastating effects on fertil- 
ity. As with testosterone replacement therapy, these 
agents have centrally mediated effects resulting in 
secondary hypogonadotropic hypogonadism, which 
impairs spermatogenesis. Normal recovery of hor- 
monal function may, but does not always, occur after 
discontinuation of these agents [197]. Recoverability 
of endogenous testosterone production after cessation 
of AAS may be achieved using hCG administration 
[198]. Complete recovery of spermatogenesis using 
hCG, with or without human menopausal gonado- 
tropin (hMG), has been observed as early as three 
months following cessation of AAS or testosterone 
replacement therapy [199,200]. Human chorionic 
gonadotropin administration concomitant with testo- 
sterone replacement therapy theoretically may prevent 
impairment of spermatogenesis; however, this has yet 
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to be definitively proven. In a study using percutaneous 
testicular sperm aspiration in normal men, Coviello 
et al. demonstrated that the concomitant administra- 
tion of hCG at dosages of 500 IU every other day for 
three weeks, with testosterone enanthate 200 mg IM 
weekly, maintained intratesticular testosterone within 
the normal range [201]. 


Antibiotics 

Antibiotics may be prescribed for infertile patients 
for common systemic illnesses as well as infections 
of the reproductive tract. Semen parameters are often 
depressed in these patients, possibly because of the 
underlying illness or, in some cases, because of the 
antibiotic. Commonly used antibiotics may adversely 
affect fertility through effects on spermatogenesis 
or sperm function. Tetracycline, erythromycin, clo- 
trimoxazole, and chloroquine impair sperm motility 
and viability in vitro, but whether they are present in 
sufficiently high concentrations in semen in vivo to 
adversely affect fertility is unclear. In contrast, amoxi- 
cillin has not been shown to impair semen parameters 
[202]. While high-dose nitrofurantoins have been 
demonstrated to cause maturation arrest in the testis 
of rats [203] and depressed motility in in-vitro human 
studies [204], low-dose short-term use does not appear 
to exert these effects. 


Antihypertensives 

Antihypertensives may have a variety of deleterious 
effects on male fertility. Although traditionally used 
in older populations, antihypertensives are increas- 
ingly prescribed for younger men, often without dis- 
cussion of their effects on sexual function [205,206]. 
Antihypertensives mainly impair fertility through 
effects on sexual function. Semen parameters and 
sperm function, however, also may be impaired by 
certain classes of these medications. 

Beta-blockers, in particular propranolol, have 
been noted to cause a decrease in both libido and erec- 
tile function [207]. Cardioselective B-blockers such as 
atenolol and metoprolol have fewer adverse sexual side 
effects [208]. Thiazide diuretics may impair erections 
by reducing vascular resistance, resulting in decreased 
penile blood flow. Spironolactone causes reduced sex- 
ual desire, erectile dysfunction, and impaired semen 
quality. It acts as an antiandrogen through peripheral 
antagonism of androgens. 

Calcium channel blockers may impair fertil- 
ity by inhibiting the expression of mannose-ligand 
receptors on the sperm head. These receptors are 


responsible for triggering the acrosome reaction by 
binding to mannosyl residues on the zona pellucida of 
the egg [209,210]. These changes appear to be revers- 
ible [211]. Other effects on the testis are possible, as one 
study demonstrated that high doses of calcium chan- 
nel blockers induce maturation arrest at the elongated 
spermatid stage in the peripubertal mouse testis [212]. 

Alpha-blockers such as doxazosin, terazosin, tam- 
sulosin, and alfuzosin are commonly prescribed for 
benign prostatic hyperplasia or bladder neck obstruc- 
tion but may have variable effects on blood pressure. 
Their side-effect profile is dependent on different 
affinities for a,-receptor subtypes. Retrograde ejacu- 
lation can occur with use of these agents and may be 
due to effects on the vas deferens or seminal vesicles 
[213]. This is most commonly associated with tam- 
sulosin. A recent randomized, placebo-controlled 
study demonstrated that 35% of men taking tamsu- 
losin 0.8 mg developed anejaculation, compared to 
0% for men taking alfuzosin or placebo [214]. These 
effects are typically reversible with discontinuation of 
treatment [215]. 


Chemotherapy and radiation 


With the improving cure rates of malignancies in 
young men with combination chemotherapy regi- 
mens, late gonadal toxicity remains an important issue. 
Treatments for Hodgkins disease and non-Hodgkin's 
lymphoma, testicular cancer, bone and soft tissue sar- 
comas, and leukemia may result in permanent steril- 
ity. The toxicity, however, depends on the agents used, 
individual doses, and treatment duration and interval. 
Combination chemotherapy regimens using lower 
doses can minimize damage to spermatogonia and 
the supporting Sertoli cells, increasing the possibility 
of eventual recovery. Radiation-induced testicular 
damage is similarly dose-dependent. Speed of onset 
and recovery as well as testis recovery are predicted by 
the dosage used [216]. 

Type B spermatogonia are most sensitive to the 
effects of chemotherapy, since they proliferate most 
actively. If type A spermatogonia, the spermatogenic 
stem cells, are impaired, permanent sterility can be 
expected [217]. On the other hand, Leydig cells and 
to a lesser extent Sertoli cells, which do not prolifer- 
ate in adults, are less susceptible to chemotherapeutic 
agents and radiation [218]. Functional damage may 
occur, however, resulting in decreased inhibin release 
and secondarily elevated follicle-stimulating hor- 
mone (FSH) and LH. While serum FSH may be used 


Chapter 14: Environmental chemicals and drugs 


to predict recovery of spermatogenesis, van Beek et al. 
found inhibin B levels superior to FSH in correlating 
with sperm counts and in predicting recovery [219]. 

The ability to recover spermatogenesis depends on 
the type of chemotherapeutic agent used. Alkylating 
agents such as cyclophosphamide, chlorambu- 
cil, mustine, melphalan, busulfan, carmustine, 
and lomustine are the most gonadotoxic [220]. 
Antimetabolites such as cytarabine, vinca alkaloids 
(vinblastine), and various other agents including plat- 
inum-based therapies also cause severe impairment of 
gonadal function [220-222]. Table 14.1 describes some 
commonly prescribed chemotherapeutic agents cate- 
gorized into good, moderate, and poor risks of recov- 
ery of spermatogenesis [220,222-226]. 

Studies of early Hodgkin’s treatment by the 
European Organization for Research and Treatment 
of Cancer demonstrated an increased FSH in 3%, 8%, 
and 60% of patients undergoing radiotherapy alone, 
chemotherapy without alkylating agents, and alkylat- 
ing chemotherapy, respectively. FSH recovery occurred 
in 80% of patients receiving nonalkylating chemother- 
apy at a median of 26 months as opposed to 30% of 
patients receiving alkylating chemotherapy at a mean 
of 27 months [227]. Other studies have supported the 
decreased gonadotoxicity of nonalkylating therapies 
for Hodgkins and non-Hodgkin’s lymphoma, with 
non-Hodgkin's therapy the least toxic [228-230]. 

All newly diagnosed cancer patients should be 
offered sperm cryopreservation, since testicular recov- 
ery may not occur after chemotherapy or radiation. 
When determining sperm recovery, it should be recog- 
nized that baseline semen parameters may be depressed, 
as is seen most commonly with testis cancer [231]. The 
patient's age, general health status, time constraints, and 
parental anxiety may be impediments to sperm cryo- 
preservation. With appropriate counseling, however, 
sperm banking programs involving young adult and 
adolescent patients are quite effective [232-233]. 

As discussed above, patients may recover sperm- 
atogenesis to varying degrees after chemotherapy. With 
increasing use of assisted reproductive techniques 
including intrauterine insemination (IUT) and in-vitro 
fertilization (IVF), paternity has been possible in many 
more patients over the past 15 years. Even patients with 
persistent nonobstructive azoospermia may have foci 
of spermatogenesis in their testis. Testicular sperm 
extraction (TESE) [234-236] and microdissection 
TESE [217] may be used to extract sperm. In a study 
of 20 TESE procedures in 17 patients who received 


Table 14.1. Relative potential for recovery of 
spermatogenesis after specific chemotherapy regimens 


Good Moderate Poor 

Adriamycin Vincristine Cyclophosphamide 
Methotrexate PEB Chlorambucil 
Prednisone ABVD Mechlorethamine 
Estrogens Procarbazine 
Androgens MOPP 

Cisplatin 

Thioguanin 

Doxorubicin 


6-Mercaptopurine 


ABVD, doxorubicin, bleomycin, vinblastine, dacarbazine; 
OPP, nitrogen mustard, vincristine, procarbazine, 
prednisone; PEB, cisplatin, etoposide, bleomycin. 

(Data from references [220,222—226]. From Nudell DM 
et al. Common medications and drugs: how they affect 
male fertility. Urol Clin North Am 2002; 29: 965-73. With 
permission.) 


chemotherapy, Chan et al. retrieved sperm in 45% 
of patients. Among the 76% of patients with Sertoli- 
cell-only pattern on biopsy, 23% had sperm retrieved 
by standard or microdissection TESE. Patients able 
to conceive naturally are advised to wait a minimum 
of 1-2 years post-chemotherapy or radiation due to 
the risk of chromosomal or congenital abnormalities 
after treatment with cytotoxic agents. 

Since radiation and chemotherapy exert effects 
by injury to the spermatogonia, attempts have been 
made to prevent or reverse sterility. The goal has been 
not to protect the spermatogonia from injury, but rather 
to help the surviving spermatogonia differentiate after 
cytotoxic therapy. Rat studies have demonstrated the 
protective effects of pretreatment with testosterone and 
estradiol prior to radiation therapy [237]. Similarly, sup- 
pression of intratesticular testosterone with gonadotro- 
pin-releasing hormone (GnRH) agonists or antagonists 
either before or after a cytotoxic insult may restore sper- 
matogenesis and fertility in rats [218]. Human studies, 
however, have yielded less impressive results. Only one 
study of seven clinical trials demonstrated a protective 
benefit of hormonal agents before and during chemo- 
therapy or radiation [218,238]. 


Psychotherapeutic medications 


Psychotherapeutic medications affect male fertil- 
ity mainly by inhibiting sexual function; however, 
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impairments of semen parameters may occur with 
use of certain antidepressants. Tricyclic antidepres- 
sants and selective serotonin reuptake inhibitors 
(SSRIs) may impair erections and libido via sedative 
and anticholinergic effects, serotonergic effects, and 
effects on serum prolactin [239]. It has been estimated 
that 62% of men taking antidepressants will experi- 
ence sexual side effects [239]. SSRIs adversely affect 
emission and ejaculation, and therefore are used to 
treat patients experiencing rapid ejaculation. In addi- 
tion, there is a potential for hyperprolactinemia with 
phenothiazines and certain tricyclic antidepressants. 
Hyperprolactinemia can inhibit GnRH and LH pro- 
duction and impair spermatogenesis [220]. 

Antidepressants may also directly impair male 
fertility via effects on sperm. Impairment of sperm 
motility has been demonstrated in in-vitro studies 
of tricyclic antidepressants [240,241]. A recent case 
report described the recovery of sperm density and 
motility in two patients, one taking the SSRI citalo- 
pram and the other sertraline [242]. 

Antipsychotic agents block dopamine production 
in the central nervous system, resulting in suppression 
of the HPG axis and decreased libido. Vasodilatory 
effects can also cause erectile dysfunction [192]. 


Miscellaneous medications 


Increased awareness and recognition of erectile dys- 
function has resulted in the use of phosphodiesterase 
type 5 (PDE-5) inhibitors in younger patients. Studies 
evaluating the effects of PDE-5 inhibitors on semen 
characteristics yield conflicting results. Single dosing 
studies of sildenafil reveal no effects on semen param- 
eters in healthy volunteers [243] and an increase in 
motility in infertile men [244]. Likewise, an in-vitro 
study of sildenafil demonstrated an improvement of 
sperm motility but an adverse effect on fertility by caus- 
ing a premature acrosome reaction [245]. Single dosing 
of tadalafil has been reported to have an inhibitory 
effect on motility in healthy young men [244]. The 
effects of chronic dosing have also been evaluated. A 
randomized, double-blind, placebo-controlled trial by 
Jarvi et al. demonstrated no adverse effects on semen 
parameters in patients taking vardenafil and sildenafil 
daily for six months [246]. 

Cimetidine, a histamine type 2 receptor blocker 
used in the treatment of peptic ulcer disease, impairs 
spermatogenesis byinterrupting the normal pulsatile 
secretion of LH from the pituitary gland in response 
to GnRH. Other side effects include increased serum 


prolactin concentrations, possible direct toxicity to 
seminiferous tubules, and impairment of the trans- 
port of sperm through the epididymis. Other medi- 
cations used to treat peptic ulcer lack these effects on 
fertility [220]. 

Sulfasalazine is commonly used to treat inflam- 
matory bowel disease. Impairment in sperm dens- 
ity, motility, and morphology occur with its use. 
Pregnancy rates are similarly decreased [247,248]. 
If sulfasalazine is discontinued, semen parameters 
usually will improve [249]. Mesalazine is a substitute 
that is effective without these fertility-related side 
effects [223]. 

Cyclosporine is an immunosuppressant commonly 
used after organ transplantation. In animal studies, it 
has been shown to decrease semen parameters and 
overall fertility [250]. Cyclosporine impairs human 
sperm motility and viability as well [251,252]. Though 
the exact mechanism is not known, it is thought that 
the medication interferes with signal transduction in 
Leydig cells in response to LH [253]. 

Colchicine and allopurinol alter the metabolism of 
uric acid and are used for the treatment of gout. These 
drugs may result in a reversible impairment of sperm 
penetration into the oocyte [220]. 


Lifestyle factors 


The increasing use of cell phones has led to growing 
concerns that the electromagnetic waves emitted 
have harmful effects on fertility. Recent in-vitro and 
in-vivo observational studies have supported a dose- 
dependent decrease in sperm density [254], motility 
[254-256], viability [254], and morphology [254,256]. 
Whether these effects are clinically significant, or if 
they occur by a heat-related or electromagnetic wave- 
specific mechanism, remains unclear. 

Testicular hyperthermia has been shown to impair 
spermatogenesis and negatively impact male fertility 
[257,258]. Hyperthermia as a result of endogenous 
stressors such as high fever or exogenous heat may 
impair sperm density, motility, and morphology. 
Laptop computers have been inconclusively demon- 
strated to impair fertility [259]. Wet heat from hot-tubs, 
Jacuzzis, or baths may cause a decline in semen quality. 
In a study of the recovery of semen quality after wet 
hyperthermia, semen parameters recovered in about 
half of patients after discontinuation of the hyperther- 
mic exposure. Recovery of total motile counts among 
responders was largely due to improvement in mean 
sperm motility from 12% to 34% [260]. 
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Alcohol and illicit drugs 

Heavy consumption of alcohol over time often results 
in erectile dysfunction, decreased libido, and gyneco- 
mastia [192]. It is thought that alcohol exerts effects on 
the HPG axis, resulting in testicular dysfunction [192]. 
In addition, peripheral aromatization of testoster- 
one is responsible for the estrogenic effects of alcohol 
[261]. These hormonal alterations lead to decreases 
in sperm density and motility [192]. Alcohol reduces 
antioxidant levels in the body, resulting in increased 
oxidative stress [262]. Elevated reactive oxygen spe- 
cies are associated with impairments in sperm motility 
[263]. There is no evidence that light consumption of 
alcohol affects fertility [220]. 

Marijuana decreases sperm density, motility, and 
morphology [192]. Opiates cause decreased libido 
and erectile dysfunction. Opiates suppress the secre- 
tion of GnRH, resulting in decreased circulating LH 
and lower testosterone levels. Cocaine abuse causes 
erectile dysfunction, while amphetamines can cause 
decreased libido [220]. 


Conclusion 


Endocrine-disrupting chemicals (EDC) are ubiquitous 
in society. They are found in small amounts in food as 
pesticides and fumigants; in insecticides and solvents; 
and in plastic containers and other common household 
items. Offending agents such as environmental estro- 
gens, methyl bromide and methyl chloride, ethylene 
dibromide, DBCP, DDT, PCBs, and phthalates may be 
directly gonadotoxic or cause damage through hormo- 
nally mediated events. Mediators of cellular damage 
suchas reactive oxygen species and hydrolytic enzymes 
disrupt the natural balance on the cellular level between 
mitosis and apoptosis. Susceptibility to EDCs depends 
on the dosage and potency of the agent, route of expos- 
ure, and duration and frequency of exposure. Studies 
of laboratory animals, accidental and occupational 
exposures, and long-term population exposures have 
contributed greatly to our understanding of the effects 
of EDCs. 

Medications, alcohol, and substances of abuse may 
also have deleterious effects on the male reproductive 
system via alterations in the HPG axis, direct gonado- 
toxic damage, or changes in erectile, ejaculatory, and/ 
or sexual function. A thorough understanding of these 
effects is critical for appropriate prevention and treat- 
ment, particularly for those men who want to remain 
fertile. Chemotherapeutic agents may induce irrevers- 
ible testicular damage, and therefore all patients should 


be offered sperm banking prior to treatment. Lastly, 
results of many studies correlating lifestyle factors and 
impaired fertility are conflicting, but patients should 
be apprised of potential risks. 
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Introduction: nonobstructive 


azoospermia and severe oligospermia 


The genetic basis of male infertility, although rela- 
tively poorly understood, may ultimately represent 
one of the most clinically important aspects of male 
infertility. Diagnoses are largely descriptive, lacking a 
molecular basis, and generally reflect the large gaps in 
our understanding of the factors regulating sperm pro- 
duction (including endocrine, paracrine, and autocrine 
factors, intrinsic and extrinsic controls), the changes 
that occur to sperm during transit through the male 
and female genital tracts, fertilization, and embryonic 
development. Assisted reproductive technologies over- 
come this infertility, but also have the potential to trans- 
mit defective genes to offspring. Largely understudied 
over the past decade, the diagnosis and treatment of 
male infertility present significant challenges because 
of these mysteries of male reproductive tract function. 
Lacking the knowledge of the control factors hinders 
the development of definitive diagnostic tests and 
medical therapies. Infertility, although once thought to 
be largely due to defects in the female or events beyond 
our control (trauma or other injury, toxic exposures, 
infections), may reflect nature’s evolutionary adapta- 
tion, which effectively limits the transmission of unde- 
sirable traits to the offspring. In this chapter, we focus 
on the current state of knowledge of the genetic basis of 
male infertility. With the molecular revolution a virtual 
explosion has occurred in this area of medicine, yet the 
translation of this knowledge to affect clinical practice 
has been slow. In many assisted reproductive technol- 
ogy laboratories across the country the presence of 
any sperm, despite significant functional or genetic 
deficiencies, is sufficient to prompt an attempt at preg- 
nancy with intracytoplasmic sperm injection (ICSI), a 
procedure that was used in clinical practice before its 
safety and efficacy were determined. As can be seen in 


Genetic aspects of infertility 


the pages that follow, genetic defects associated with 
male infertility exist at every level of genetic infor- 
mation from chromosomes to genes to nucleotides 
to epigenetic modifications. The closer we look, the 
more genetic defects causing human male infertility 
we identify. 


Numerical chromosomal anomalies 


A peripheral karyotype may identify either numeri- 
cal or structural chromosomal anomalies in approxi- 
mately 14% of men with severe spermatogenic 
deficiency [1]. The most common finding in non- 
obstructive azoospermia (NOA) patients is 47,X XY 
Klinefelter syndrome (KS), which occurs in 1/500 
to 1/1000 live births and is the underlying genetic 
anomaly in 10% of those NOA men [2-5]. Most KS 
cases are nonmosaic, with all cells demonstrating a 
47, XXY genotype, although mosaicism does occur 
with variable percentages of 46,XY cells admixed with 
the remaining 47,XXY cells. Mosaic males have less 
severe phenotypic consequences, and many are fertile. 
Whereas Y-chromosomal microdeletions affect just 
the spermatogenic compartment of the testis, the extra 
X chromosome mutes and damages the androgenic 
compartment as well, precipitating the major clini- 
cal manifestations of KS. This additional X, through 
mechanisms unknown, sets in motion the events that 
lead to many disparate features of KS from androgenic 
and spermatogenic failure to difficulties in expressive 
language learning [5]. The supernumerary X may be 
of either paternal or maternal origin. There is a dra- 
matic increase in the number of sex-chromosome 
disomic sperm (24,XY) in the fathers of boys with KS 
that increases steadily as paternal age increases (10% 
higher among fathers in their twenties to 160% higher 
among fathers in their fifties) [6,7]. There does not 
appear to be an increase in autosomal disomy rates in 
those fathers [8]. 
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The clinical spectrum of KS is wide and mostly 
determined by the level of androgenic function [4]. 
Aksglaede et al. demonstrated that while testosterone 
output is normal in the first few months of life, there is 
already a hint of Sertoli cell and Leydig cell dysfunction 
[9]. When the androgenic compartment is totally dys- 
functional (complete Leydig cell failure), virilization 
will not occur at the expected time of puberty, gyne- 
comastia may be present, and a eunuchoid appear- 
ance will be noted with height taller than predicted. 
These boys require testosterone supplementation to 
mature physically. The testes will be atrophic and will 
show extensive fibrosis and sclerosis. It is unlikely that 
there will be any preserved seminiferous tubules that 
are capable of minimal amounts of sperm production. 
This is the severe end of the phenotypic spectrum. 
On the opposite end are those KS men who have an 
adequate amount of testosterone secretion at puberty 
to androgenize as expected and thereby escape detec- 
tion until they are diagnosed at the time of an infer- 
tility investigation. Libido and erectile function are 
normal and their height is as would be predicted [10]. 
However, there are young men with adequate Tanner 
stage progression who are detected not for either rea- 
son mentioned above but instead as an explanation 
for the atrophic testes found on physical examination. 
Small testes are common to all 47,X XY men, no matter 
where on the clinical spectrum they may fall, and typi- 
cally they measure about 8-10 cm’ in volume. Follicle- 
stimulating hormone (FSH) and luteinizing hormone 
(LH) are elevated, demonstrating compensatory out- 
put in response to the damaged spermatogenic and 
androgenic cells and functions of the testes [11,12]. 
The Leydig cells have little reserve, as maximal stim- 
ulation is already present and ongoing. KS men have 
nongonadal manifestations as well. Learning difficul- 
ties are common. KS men may have an increased mor- 
tality from breast cancer (standardized mortality ratio 
[SMR] 57.8) [13]. There is a slightly increased mortal- 
ity from non-Hodgkin’s lymphoma (SMR 3.5) [13]. 
Males with mediastinal germ cell tumors should be 
karyotyped, since KS may be detected if the genotype 
is not already known [14]. There may be a decreased 
incidence of prostate cancer in KS men [13]. Although 
azoospermia is the rule, there are rare exceptions of 
preserved fertility [15]. 

Even though the patient shows no sperm in the 
ejaculate, testicular sperm extraction (TESE) may 
successfully find spermatozoa in up to 69% of KS 
men, which can be used in conjunction with ICSI 


to effect fertilization, embryo development, and 
term pregnancy [16-18]. Many live births of 46,XY 
or 46,XX children have been reported [19-21]. 
Controversy exists with regard to the need for preim- 
plantation genetic screening of embryos to identify 
and eliminate those that are 47,XXX, 47,XXY, or trip- 
loid for one of the autosomes [22,23]. This debate is 
driven by the data on individual sperm from KS men, 
which show a slight increase in sex-chromosomal 
and autosomal disomy of 0.9% and 7.5%, respectively 
[7,24]. However, the human clinical data reported so 
far show only one case of a 47,XXY fetus that was ter- 
minated - all other children reported have had normal 
karyotypes [25]). Where the sperm derive from is also 
unclear. Is there a low level of gonosomal mosaicism, 
with a few 46,XY spermatogonia living and working in 
a few functional seminiferous tubules scattered ran- 
domly and rarely about the testis parenchyma [26,27], 
or is it that every so often a 47,XXY spermatogonium 
can complete meiosis with elimination of the extra 
X and production of predominantly 23,X or 23,Y 
spermatozoa [28]? 

There are no widely agreed-upon clinical or labora- 
tory findings that predict successful sperm retrieval, 
although pre-TESE testis volume and testosterone 
level may do so, as well as age less than 35 [29-31]. 
Cryopreserved sperm have been used successfully, but 
a combined approach of TESE coincident with an ICSI 
cycle (tissue harvesting either the day prior to or the 
morning of oocyte retrieval) is the preferred approach 
[32]. Testosterone levels may decline after TESE is per- 
formed, especially in the first 3-6 months, but typically 
they rise to 95% of pre-TESE levels within 18 months 
[33,34]. The strategy that should be adopted for those 
teenage boys who are found to have KS but who have 
adequate virilization is unclear. Should TESE with 
cryopreservation of tissue/sperm be undertaken, as 
reported by Damani et al. [35]? Should tissue extrac- 
tion wait until later in life, and be performed coincident 
with an ICSI cycle when biological paternity is desired? 
Is sperm production decline ongoing and progressive, 
beginning in infancy and accelerating at puberty [36]? 
Is there a better chance of success if testis tissue extrac- 
tion is attempted earlier in life? Will the need for tes- 
tosterone replacement be precipitated or hastened by 
tissue extraction at this age, remembering that these 
young men do not necessarily require testosterone 
replacement [37,38]? What is clear, however, is that a 
karyotype should be performed prior to any surgical 
intervention in all men who present with NOA. 
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A 46,XX testicular disorder of sex development 
(also known as 46,XX male syndrome) occurs in 
approximately 1 in 20 000 newborn males and so is 
a rare cause of NOA [39]. Etiologically, an abnormal 
XY interchange between PRKX and PRKY translocates 
a small portion of distal Yp to the tip of the paired X 
chromosome in 90% of affected men. This displaced 
piece of chromosomal material contains an intact SRY, 
allowing for completion of the cascade that drives 
gonadal differentiation along a testicular pathway. In 
the remaining 10%, either translocation to an auto- 
some has occurred or the individual is SRY-negative, 
some other aberrant event affecting gonadal differen- 
tiation in the opposite direction than would be nor- 
mally seen in a 46,XX embryo [40,41]. Whatever the 
mechanism, the fetal testes begin to secrete testoster- 
one, which induces ipsilateral mesonephric duct dif- 
ferentiation (vasa deferentia, seminal vesicles, distal 
epididymides). The testes also secrete anti-Miillerian 
hormone, causing regression of the paramesonephric 
ducts. Therefore, the internal ductal anatomy is nor- 
mal for a male. In the external genitalia, 5a-reductase 
converts testosterone to dihydrotestosterone, and 
morphogenesis of the anatomy here is along male lines 
[42]. Although fetal development seems typical for 
these males, there is a higher incidence of cryptorchid- 
ism in them than in the normal 46,XY population [43]. 
Gynecomastia may occur at puberty, and testosterone 
levels may be lower than those seen in 46,XY males. 
Height may be less than predicted for males within the 
family unit. Most importantly, there is no spermato- 
genesis, as nearly the entirety of the male-specific Y, 
including the AZFa, b, and c regions (see below), is 
not present in the genome. There is no need for testis 
biopsy or TESE, becausea karyotype will be prognos- 
tic and definitive in this circumstance, again empha- 
sizing the point thata karyotype should be performed 
in all NOA men before any surgical intervention. 

Men with a 47,XYY chromosomal constitution 
(0.1% of males) are generally fertile but may be tall with 
large teeth [44]. This may be due to gonosomal mosai- 
cism, and the greater the ratio of 46,XY to 47,XYY, the 
greater the sperm count. It is believed that most XYY 
cells will arrest at the pachytene level of meiosis I [45]. 
For those that do make it through this meiotic check- 
point, apoptosis may eliminate them in the round 
spermatid stage, as demonstrated by Milazzo et al. 
[46]. However, a slight increase in sperm aneuploidy 
is still present, and this may lead to an increased risk of 
miscarriage and perinatal death. Thus preimplantation 


genetic diagnosis may be helpful if in-vitro techniques 
are required to achieve pregnancy [47]. 


Structural chromosomal anomalies 


Y-chromosomal microdeletions 

In order to appreciate the how and why of Y-chromo- 
somal microdeletions, it is necessary to understand 
the molecular geography of the Y chromosome. The Y 
chromosome is comprised of 60 million base pairs with 
a short arm (Yp) and along arm (Yq). The euchromatic 
region, which contains the relevant spermatogenic 
genes discussed below, and the heterochromatic region 
(which has no presently known function) are equally 
divided [48]. Pseudoautosomal regions that pair and 
recombine with similar chromosomal stretches on 
the X chromosome are located at the tips of Yp and 
Yq [49,50]. SRY is located on Yp and is an essential 
member of the cascade of genes that ultimately deter- 
mine the fate of the bipotential gonad [51]. The male- 
specific Y (MSY) is that chromosomal material that 
bridges the two polar pseudoautosomal regions and 
is unique in the human genome - there is no coun- 
terpart on any other chromosome. It comprises 
approximately 95% of the entirety of the Y (Fig. 15.1) 
[52]. It is non-recombining and houses multiple genes 
dispersed along its length. Most of these gene prod- 
ucts help drive the spermatogenic machinery, but all 
are poorly characterized at this point [53]. Examples 
include USP9Y and DBY in a stretch known as AZFa, 
and DAZ, RBMY1, and BPY2 in a stretch known as 
AZFb and AZFc (see below). Unevenly distributed 
throughout the length of the euchromatic portion of 
Yq are eight palindromic sequences, P8 closest to the 
centromere and P1 the most distal (Fig. 15.1). The basic 
structure of all eight is the same, although each is of 
differing total length. Each mirror-image arm expands 
outwards from an anchor point, a short base pair core. 
Each arm’s sequence is nearly identical but reads in an 
opposite direction. 

Within these palindromes, however, are subseg- 
ments known as amplicons, which are sequences that 
are repeated at least twice (one on each arm of a pal- 
indrome reading in an “inverted” direction) but that 
may have another copy or two elsewhere, spatially 
separate and reading in either a direct (same direction) 
or inverted manner [54]. For example, there are four 
“blue” amplicons as colorized by Kuroda-Kawaguchi 
et al., labeled b1, b2, b3, and b4. It is the interaction 
of b2 and b4 that is the proximate cause of the AZFc 
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Fig. 15.1. Molecular geography of the Y chromosome. 


microdeletion (see below). Since MSY has no part- 
ner in the genome with which to pair and repair, it is 
believed that this unusual palindromic/ampliconic 
structural organization allows for self-correction to 
maintain the presence and fidelity of the vast major- 
ity of the Y chromosome. However, beneficial as this 
may be, there is a flaw in this molecular arrange- 
ment that, in rare instances, creates a circumstance 
of ectopic homologous recombination - an aberrant 
event whereby two spatially distanced amplicons fuse 
together as one with consequent loss of all interven- 
ing chromosomal material [55]. As shown in Figure 
15.1, these expanses may be of tremendous magnitude 
on the molecular scale, but they may be undetectable 
on the cytogenic/karyotypic scale and so are labeled 
as microdeletions. When a microdeletion occurs, any 
genes residing in this stretch are lost as well; hence the 
clinical consequences if these genes are requisite to opti- 
mal sperm production. In summary, Y-chromosomal 
organization is unique, predisposing to loss of rela- 
tively expansive segments on rare occasions that may 
result in male reproductive compromise. 

The details of the molecular geography of the Y 
chromosome are indeed important to understand 
vis-a-vis the clinical consequences of Y-chromosomal 
microdeletions that eliminate genes that may be either 
necessary or helpful for optimal spermatogenesis. 
Tiepolo and Zuffardi recognized as far back as 1976 
that a grossly intact Y chromosome was important for 
spermatogenesis to occur, and they postulated regions 
of necessity termed azoospermia factors (AZF) [56]. 
As the molecular construction of the Y was being elu- 
cidated in the mid-1990s, three specific microdeletions 
of significant clinical frequency were detected and 
described in men with sperm production deficiency. 
The original acronym nomenclature for these three 
microdeleted regions was derived from the Tiepolo 
and Zuffardi suggestion at a time when it was thought 
that each was spatially and topographically distinct. 


It is now clear the AZFa region stands on its own, 
while the AZFb and AZFc microdeletions are just 
two possible microdeletions that occur within one 
stretch of MSY with its proximal endpoint located in 
P5 and its distal endpoint in P1. AZFb and AZFc are 
overlapping. In men with NOA or severe oligosper- 
mia, a Y-chromosomal microdeletion assay should 
be obtained prior to use of the ejaculated sperm or 
performance of tissue extraction to search for sperm. 
This blood test is a PCR-based assay that allows detec- 
tion of clinically relevant microdeletions. 

Closest to the centromere, the AZFa region is 
located in proximal Yq. Microdeletion of the AZFa 
region occurs in approximately 1% of NOA men, and 
the molecular anatomy of this region does not involve 
any of the eight palindromes mentioned above. Instead, 
two 10 kB endogenous retroviral elements known as 
HERV15yq1 and HERV15yq2 flank genomic mate- 
rial, which two spermatogenically important genes 
(DDX3Y and USP9Y) call home [57,58]. HERV15yq1 
and HERV15yq2 may undergo ectopic homologous 
recombination, with consequent loss of all 792 kB of 
intervening material, including DDX3Y and USP9Y [59- 
61]. DDX3Y generates an ATP-dependent RNA helicase 
that may play a role in a later stage of spermatogenesis 
as it shuttles between cytoplasm and nucleus [62,63]. 
DDX3Y is 16.3 kB in length. USP9Y also plays a quan- 
titative role, perhaps of less importance than DDX3Y, 
since mutations in USP9Y have been described in men 
with a minimal amount of spermatogenesis [64,65]. 
Of critical clinical importance is the fact that, as the 
literature suggests, if the AZFa region is microdeleted, 
spermatozoa will not be found on testis tissue extrac- 
tion (TESE) [66,67]. An AZFa microdeletion predicts 
failure of TESE. As above, a Y-chromosomal microde- 
letion assay will be prognostic in these circumstances 
if performed, as it should be, prior to TESE. 

In the chromosomal expanse from the P5 pal- 
indrome to the P1 palindrome are multiple sites of 
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possible ectopic homologous recombination, which, 
when it occurs, leads to microdeletion of varying 
lengths of DNA, with varying proximal and distal 
endpoints, at varying frequencies, and with varying 
clinical consequences. The three most common that 
occur in the male with spermatogenic impairment are 
termed AZFc, AZFb, and AZFb/c (Fig. 15.1). These are 
not “nonoverlapping” as previously believed, but the 
acronyms still persist even though they could also be 
referred to by their molecular nomenclature: b2/b4, 
P5/proximal P1, and P5/distal P1, respectively [55]. 

Of the three, AZFc (b2/b4) is the most common, 
being present in 1 in 4000 men overall, 13% of NOA 
males, and 6% of severely oligospermic men [68,69]. 
Spanning 3.5 Mb, an AZFc microdeletion begins in the 
distal aspect of the P3 palindrome where the second 
of the 229 kb “blue” amplicons is located and extends 
to the P1 palindrome where the fourth of the “blue” 
amplicons resides [54]. It is these two amplicons, direct 
repeats of each other, which undergo ectopic homolo- 
gous recombination with elimination of several genes 
that inhabit the intervening chromosomal material. 
There are four copies of the DAZ gene here (two DAZ 
genes form the P2 palindrome [reading in opposite 
directions from a central core] with a duplicate of this 
pair found upstream in P3) [70,71]. DAZ encodes an 
RNA-binding protein that may activate silent mRNAs 
during the early stages of meiosis, as its expression 
appears to be primarily in spermatogonia [72,73]. 
The genetically active material in the AZFc region 
may not be critical for meiotic recombination but “in 
the absence of the AZF region, the transient zygotene 
stage is extended, and chromosome condensation is 
reduced” [74]. 

Oates et al. clinically characterized men with AZFc 
microdeletions as follows [75]: Men with an AZFc 
microdeletion have quantitatively impaired sperma- 
togenesis, whereas the quality of any sperm produced 
appears normal in terms of fertilization, embryo 
development, and term pregnancy [76]. Natural 
paternity is rare, and most men present with NOA or 
severe oligospermia and consequent sterility or infer- 
tility [77]. The spectrum of spermatogenic deficiency 
is a tight one, ranging from no spermatozoa found on 
TESE to markedly reduced numbers of sperm in the 
ejaculate (typically no higher than 5 x 10°/mL). In the 
42 men studied, 62% were azoospermic (2/3 had sperm 
found on subsequent TESE or testis biopsy), and 38% 
were severely oligospermic. Therefore, 81% had sper- 
matozoa that could be employed in conjunction with 


ICSI to try to achieve biological paternity (infertility) 
while 19% of the group overall had no sperm avail- 
able from either the ejaculate or testis tissue (sterility). 
Genes in the AZFc region of the Y chromosome appear 
to be spermatogenesis-specific, in that their loss did 
not lead to any somatic health consequences or tes- 
ticular abnormalities, such as cryptorchidism or germ 
cell neoplasia, in either the subject or his conceived 
offspring. Heretofore, nearly all AZFc microdeletions 
were de novo, although with the recent introduction of 
ICSI they can be passed from father to son. Whatever 
low level of spermatogenesis exists appears to be tem- 
porally fairly stable. For an individual harboring an 
AZFc microdeletion, history, physical examination, 
and hormonal parameters do not forecast the ulti- 
mate level of his sperm production. The predicted 
reproductive spectrum of all male offspring should 
reflect that described above for AZFc microdeleted 
men, but their level of future spermatozoal produc- 
tion may not necessarily be the same as their fathers’ 
[75] (Fig. 15.2). If the male partner of an infertile 
couple is found to have an AZFc microdeletion by 
Y-chromosomal microdeletion assay, the couple 
has several options to consider. They may choose 
to avoid use of his sperm. They may decide to use 
either his ejaculated or testis-derived sperm for ICSI 
and accept the random outcome vis-a-vis male or 
female offspring. Finally, they may decide to employ 
preimplantation genetic screening to discard male 
embryos and transfer only female embryos, thereby 


Male with AZFc microdeletion 
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T T T 


Azoospermia NOA Severe 
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(TESE) (TESE) 
Sterile Infertile but treatable with technology 


Fig. 15.2. Predicted spectrum of spermatogenic deficiency in 
sons of male with AZFc microdeletion. 
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eliminating the propagation of an AZFc microdele- 
tion and its resultant infertility/sterility [78]. 

As above, within the P5 and P1 palindromes are 
sequences that lend themselves to ectopic homologous 
recombination. Beginning in P5 and ending in either 
the proximal or distal aspect of P1, clinically significant 
microdeletions may occur, and are known as AZFb or 
AZFb/c, respectively (Fig. 15.1). The AZFb microdele- 
tionis 6.2 Mbin length while the more extensive AZFb/c 
microdeletion is 7.7 Mb long [55]. As can be seen, all 
three are overlapping - they do not involve spatially 
distant and distinct stretches of the Y chromosome. 
If either an AZFb or AZFb/c microdeletion is found 
in a man with NOA (1-3% of such men), there is lit- 
tle chance that sperm will be retrievable from testis 
tissue, and a Y-chromosomal microdeletion assay 
will, therefore, be prognostic and should be obtained 
prior to any surgical intervention [67]. 


Other structural anomalies 

Many other structural anomalies involving the Y 
chromosome may be found on karyotypic analysis, 
and they are important to identify in the infertile 
male [79]. A Y-chromosomal microdeletion assay is 
a necessary complementary test, because it will deter- 
mine whether the MSY involving the AZFa region, 
as well as that stretch containing palindromes P5-P1 
(the AZFb/AZFc area), is present. If not, then sperm- 
atogenesis will not be possible and no surgical inter- 
vention is necessary. For example, ring Y, designated 
r(Y), results from circularization of a Y whose terminal 
ends are lost, with consequent fusion of the arms [80]. 
Most cases present as mosaics 46,X,r(Y)/45,X, and the 
phenotype is variable, ranging from Turner syndrome 
to normal male external genitalia with azoospermia. 
The final phenotype depends not only on the per- 
centage of cells that contain the r(Y) but also on the 
amount of chromosomal material lost [81]. The more 
material lost, the less likely it is that the r(Y) will be 
transmitted through mitotic stages to future cell lines, 
and the higher the percentage of 45,X cells. In add- 
ition, if the spermatogenic regions of MSY are miss- 
ing, sperm production will not occur and azoospermia 
will result [82]. Other Y-chromosomal abnormalities 
may include isodicentric Y (two short arms, two cen- 
tromeres, and a fused, truncated long arm), truncated 
Y, and various mosaic states with a 45,X cell line [1]. As 
for r(Y), a Y-chromosomal microdeletion assay must 
be obtained as a complementary test to determine if 
the replicative mishap eliminated the AZF regions. If 


so, no TESE is needed. Occurring more often in the 
oligospermic population, reciprocal and Robertsonian 
translocations may be found on karyotypic analysis 
as well [83]. Preimplantation genetic analysis may 
improve chances for a live birth, and genetic counsel- 
ing should be offered [84]. 

In summary, a karyotype and Y-chromosomal 
microdeletion assay should be obtained as comple- 
mentary tests in all NOA and severely oligospermic 
men prior to ICSI and the use of ejaculated or tes- 
ticular sperm. Prognosis and planning are optimized 
with any informative result. 


Endocrine genetic defects causing 
male infertility 

Androgen biosynthesis, metabolism, and 
androgen receptor signal transduction 
pathway abnormalities 


The role of androgens 

In the 1930s, testosterone (T) was recognized as the 
main circulating androgen secreted by the testis, the 
majority bound to sex hormone-binding globulin and 
albumin in dynamic equilibrium with unbound hor- 
mone. The free, bioavailable testosterone unbound 
to protein represents only 1-2% of total testosterone 
in the serum [85]. Testosterone and other steroids 
are lipophilic and enter both target and nontarget 
cells through passive diffusion [86]. It elicits activ- 
ity within cells that express a functional androgen 
receptor. Depending upon the target tissue, T may be 
5a-reduced to 5a-dihydrotestosterone (DHT) by the 
enzyme 5a-reductase. Testosterone and DHT are the 
major steroids that bind to the androgen receptor (AR) 
(described below). In some target organs, such as the 
prostate, the main androgen bound to the AR is DHT 
[87], while in other tissues, such as the Wolffian duct or 
testis, testosterone is the preferred ligand. Just one AR 
gene is known, notwithstanding the tissue-specific dif- 
ferential preference for one of these two ligands. 


Androgen biosynthesis 

Steroidogenic acute regulatory (StAR) protein 
(reviewed by [88,89]) is the rate-limiting step for 
androgen biosynthesis in particular and all steroids 
in general. StAR mediates the transfer of cholesterol 
from the outer to the inner mitochondrial membrane. 
Subsequently, cholesterol is converted by the choles- 
terol side-chain cleavage enzyme, cytochrome P450scc, 
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to pregnenolone (the precursor for sex steroids, gluco- 
corticoids, and mineralocorticoids) [90]. 

Mutations in the StAR gene result in congenital 
lipoid adrenal hyperplasia (CLAH) [91,92]. CLAH 
patients are unable to synthesize adrenal and gonadal 
steroids and, if untreated, die within a few weeks 
of birth. A similar phenotype is observed in StAR- 
deficient mouse tissues from StAR’ mice [93]. As 
individuals with CLAH do not synthesize steroids, the 
phenotype is severe. Deficiencies of any of the enzymes 
required for the normal synthesis of testosterone can 
impact reproductive development and function. For 
example, males with 17f-hydroxysteroid dehydro- 
genase type 3 deficiency will be classified as females at 
birth, but when they reach puberty they will develop 
male secondary sex characteristics [94]. Male pseu- 
dohermaphroditism can occur with deficiency of 
testicular 17,20-desmolase [95-97]. Of note, steroid 
biosynthesis defects can be secondary to deficiencies of 
peptide hormones such as leptin [98]. 


Androgen action is required for male reproduction 

Androgen action requires a functioning intracellular 
nuclear receptor that is a member of the steroid recep- 
tor superfamily. As a member of the steroid receptor 
superfamily, the protein is characterized by a ligand- 
binding domain, a DNA-binding domain, and a 
transactivation domain (reviewed in [99]). Indeed, 
the protein and its functional domains have been 
studied in detail over the past 40 years. The AR is a 
ligand-activated transcription factor present in all tis- 
sues responsive to testosterone or DHT. Located in the 
cytoplasm in the absence of androgen, it binds andro- 
gen with high affinity and specificity. Binding then 
initiates a series of events that include receptor acti- 
vation, translocation to the nucleus, and interaction 
with the chromatin, where it ultimately modulates 
transcriptional regulation of specific gene expression 
(reviewed in [100]). Complicating our understanding 
of steroid receptor action, ligand-independent activa- 
tion of receptor is observed under some conditions, for 
example as a result of activation by growth factors, such 
as interleukin 6 in prostate cancer [101]. In addition, it 
appears that the receptor needs to work in concert with 
a number of coactivators and corepressors, as well as 
transcription factors (reviewed in [102]). Quite sim- 
ply, from a clinical perspective, a functioning andro- 
gen receptor is necessary for optimal development of 
the embryonic and fetal male genital tract, as well as 
for the regulation of testicular, epididymal, prostate, 


and seminal vesicle activity in the adult. Other tar- 
gets of androgens include the muscle, skin, bone, and 
kidneys. In the adult, spermatogenesis requires tes- 
tosterone acting through the AR in the Sertoli cell, 
which in turn mediates reduction division during 
germ cell meiosis. Androgens are also necessary for 
normal spermatid differentiation and play an import- 
ant role in the epididymis, where spermatozoa acquire 
motility. Androgens maintain the differentiated func- 
tion of the prostate and seminal vesicles and their 
secretions. Without androgens and a functional recep- 
tor, the male will not be reproductively viable. These 
processes and the consequences of deficiencies of AR 
action are described below. 


Testosterone mediates normal male development 
Leydig cells in the fetal primordial gonad secrete tes- 
tosterone, which acts to maintain the Wolffian duct 
structures. The Wolffian duct differentiates into the 
adult seminal vesicles, vasa deferentia, and the distal 
two-thirds of the epididymides. Testosterone also acts 
in the fetal Sertoli cell to induce the production of anti- 
Miillerian hormone (AMH), also known as Miillerian- 
inhibiting substance (MIS). AMH/MIS is a peptide 
hormone that causes regression of Miillerian duct 
structures (the embryonic precursors of the fallopian 
tubes, uterus, and the upper two-thirds of the vagina in 
a female). First postulated by Jost in 1953 [103], it was 
years before a useful assay for this activity was devel- 
oped, and it was not until the 1970s that AMH secretion 
was localized to the Sertoli cells [104-106] and later 
sequenced and cloned [107]. The combined actions of 
AMH and testosterone prevent differentiation of the 
primordial gonad into an ovary. Testosterone medi- 
ates the second phase of testicular descent during fetal 
development. In short, testosterone acts to drive devel- 
opment towards phenotypic maleness. 


Testosterone is required for spermatogenesis 

Testosteronealone qualitatively (but not quantitatively) 
maintains spermatogenesis in the absence of gonado- 
tropins [101,108,109]. The action of testosterone on 
spermatogenesis is primarily mediated through the AR 
in the Sertoli cell, and to a lesser extent in the Leydig 
cell and the peritubular myoid cell (PM) [101,102,108- 
110]. Despite the absolute requirement for testoster- 
one during spermatogenesis, the steroid does not 
act directly on the developing germ cells (although 
authors have debated whether androgen receptors are 
present in the germ cells [111,112]), suggesting that 
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spermatogenesis requires complex intercellular para- 
crine interactions. Using a technique called targeted 
gene deletion in a mouse model, AR was selectively 
knocked out in Sertoli [101,108,109,111], germ cell 
[108,111], or peritubular myoid cells [102] to define 
the contribution of androgen action to spermatogen- 
esis in each testicular cell type. As one might predict, 
germ-cell-targeted deletion of the AR had no effect on 
spermatogenesis [108,111,112]. Germ cells from mice 
lacking functional androgen receptors could complete 
spermatogenesis after spermatogonial stem cell trans- 
plantation [111]. Mice lacking Sertoli-cell AR display 
incomplete germ cell development witha meioticarrest 
at the second reduction division and lowered serum tes- 
tosterone levels. These deficiencies result in azoosper- 
mia and infertility [101,108,109,113]. In contrast, mice 
lacking peritubular myoid-cell AR after cell-specific 
targeted deletion are oligospermic. Contractility of the 
peritubular myoid is deficient, impairing sperm release 
from the seminiferous tubules [102]. Mutations in the 
androgen receptor can cause androgen insensitivity. 


Androgen insensitivity in the human directly affects 
male reproductive development and function 

The three main clinical phenotypes resulting from 
androgen insensitivity are defined as complete, par- 
tial, and minimal androgen insensitivity (CAIS, 
PAIS, and MAIS). Kennedy syndrome, also known as 
X-linked spinal and bulbar muscular atrophy (SBMA), 
is a form of androgen insensitivity associated with 
aging, which results in reduced fertility. These diseases 
also include Reifenstein syndrome, testicular fem- 
inization (male pseudohermaphroditism), Lub syn- 
drome, and Rosewater syndrome [114]. The androgen 
insensitivity syndromes are considered to represent 
disorders of sexual differentiation. Nevertheless, today 
physicians recognize that androgen resistance can be 
present in men who are undervirilized or infertile. 


Complete androgen insensitivity (CAIS) or testicular 

feminization 

Phenotypic female, genotypic 46,XY individuals 
who lack a functional AR display complete androgen 
insensitivity syndrome (CAIS) [115]. CAIS can result 
from AR gene deletion, but more commonly point 
mutations in the gene result in a loss of function of the 
protein. The Androgen Receptor Gene Mutations web- 
site (androgendb.mcgill.ca) provides a useful summary 
of the naturally occurring mutations identified to date 
in the androgen receptor [116]. Despite isolated case 
reports prior to 1953 [117], the first report of CAIS is 


often attributed to Morris in that year [118]. The CAIS 
individuals are 46,XY pseudohermaphrodites (geno- 
typic males) displaying an unambiguously female 
appearance. Female external genitalia develop because, 
despite high circulating testosterone levels, the tissues 
are resistant to androgen action. Thus DHT-dependent 
masculinization of the external genital primordia is 
absent. Patients with CAIS have underdeveloped labia, 
a blind-ending vagina, and paucity of axillary or pubic 
hair. Because the labial or abdominal testes continue to 
produce AMH, the uterus, ovaries, and fallopian tubes 
are absent. CAIS occurs in about 2-5/100 000 births 
[119], and these patients are sterile. 


Partial androgen insensitivity (PAIS): a broad spectrum of 
phenotypic and functional abnormalities 

The androgen receptor mutation in these patients 
impairs or changes the receptor function to varying 
degrees. Patients with PAIS exhibit a range of con- 
genital genitourinary defects in combinations of vary- 
ing severity including hypospadias, microphallus, 
cryptorchidism, gynecomastia, and infertility. At one 
extreme, the external genitalia resemble those associ- 
ated with a nearly normal female phenotype, except 
for clitoromegaly and/or posterior labial fusion. At the 
other extreme, the genitalia may resemble those of a 
morphologically normal male but the scrotum or phal- 
lus may be small, or there may be simple coronal hypo- 
spadias or a prominent midline raphe of the scrotum. 
Reifenstein first reported this syndrome [120]. In some 
ways these patients can present significant clinical 
challenges because of their partial response to andro- 
gens. Infertility may result, due to the failure of normal 
male development. In the less severe cases early and 
continuous testosterone treatment can improve the 
chances of fertility. 


Minimal androgen insensitivity syndrome (MAIS): mild 
phenotypic abnormalities 

The phenotypic spectrum of deficiencies in MAIS, 
like those found in CAIS, varies markedly between 
patients. Infertility, azoospermia, micropenis, or gyne- 
comastia may be present. Nearly 30 years ago Aiman 
proposed that azoospermia is linked to AIS [121]. 
At about the same time Larrea recognized a familial 
syndrome characterized by microphallus and gyne- 
comastia and androgen insensitivity [122]. Quigley 
proposed a slightly more complex but similar classifi- 
cation of seven grades of AIS [114]. Simply put, some 
mutations vary AR function in a manner analogous to 
a rheostat causing mild functional deficiencies that in 
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some cases can be overcome with increased levels of 
androgen [123]. 


X-linked spinal and bulbar muscular atrophy (SBMA): 

a triplet repeat disease associated with diminished 

male reproductive fitness 

A gene polymorphism underlies Kennedy syndrome 
(SBMA). SBMA is a chronic, progressive neuromus- 
cular disorder. It was discovered that AR from affected 
patients contains an expanded polyglutamine tract 
in exon 1 from 40 to 62 CAG triplets or longer [124]. 
SBMA, like other triplet repeat or CAG/polyglutamine 
disorders, is defined by neuronal intranuclear inclusion 
thought to represent misfolded AR. Weakness of the 
proximal limb muscles, with atrophy and fasciculations, 
is characteristic. Bulbar signs may include perioral fas- 
ciculations, a nasal quality of the voice, and recurrent 
aspiration. Partial androgen insensitivity is present, 
particularly with aging, with symptoms of gynecomas- 
tia, testicular atrophy, and decreased fertility. Typically, 
postmortem studies of SBMA males reveal abnormal 
testicular histology characterized by marked semin- 
iferous tubule atrophy, and absence of germinal cells 
[125,126]. Because this is an adult-onset syndrome 
(except for instances of extremely long polyglutamine 
repeat lengths), the patient may have been fertile and 
virile as a young man, but in middle age develop pro- 
gressive evidence of insensitivity. The use of assisted 
reproductive technologies to overcome the infertility of 
Kennedy syndrome patients must be undertaken with 
care. The disease is characterized by a phenomenon 
known as “anticipation.” With each successive gener- 
ation the repeat length tends to increase in length with 
an earlier age of onset and greater severity of symptoms. 
Preimplantation genetic diagnosis or other prenatal 
genetic diagnostic procedure is required to ensure that 
the offspring will not be affected. 


The association of glutamine polymorphisms in the AR with male 
infertility is controversial 

There is an inverse relationship between the length 
of the normally polymorphic polyglutamine repeat 
length and AR transcriptional activity [127,128]. This 
observation has led to the hypothesis that CAG length 
may correlate with male infertility. This hypothesis was 
confirmed by initial investigations [129-133], but it 
was not corroborated by Swedish [134], German [135], 
Dutch [136], and Danish [137] population studies. 
These discrepancies created confusion and led to the 
hypothesis that CAG repeat expansion leads to reduced 
fertility in Asian but not European populations, 


possibly because of exposure to different environmen- 
tal factors in the two populations. A recent meta-anal- 
ysis of the combined data in the literature reveals that 
there is an association between increased androgen 
receptor CAG length and male infertility. An inverse 
relationship between the number of CAG and number 
of sperm is observed in some [129-133,138] but not all 
studies [134-137]. This controversy reflects the relative 
proportion of men with nonobstructive azoospermia 
in the infertile study population [133]. 


Additional evidence that AR defects are associated with 
male infertility 
Abnormal AR function was described by Aiman et al. 
in three unrelated infertile patients who displayed a 
decrease of about 50% in high-affinity dihydrotesto- 
sterone binding capacity of cultured genital skin fibro- 
blasts when they were compared with normal men 
[121]. To identify infertile men with AR abnormali- 
ties, an androgen sensitivity index (nmol/L serum 
testosterone times IU/L serum luteinizing hormone) 
was employed. Several of the infertile patients tested 
displayed an elevation in this value [139,140]. Others 
defined AR deficiencies in idiopathic azoospermic/ 
oligospermic men using simple receptor binding 
assays with cultured genital skin fibroblasts. It was 
reported that 40% of these men had a decreased level 
of 7H-DHT binding, similar to that found in patients 
with PAIS or CAIS [141]. Nevertheless, the relationship 
between abnormal AR activity and infertility remains 
controversial [142], and this type of functional analysis 
is never routinely performed on infertile men. 
Molecular analysis of AR in idiopathic infertil- 
ity [143-145] suggests that AR mutations are present 
in up to 10% of the patients, although the functional 
consequences of these mutations have not always 
been defined. Of the seven infertility-associated muta- 
tions [116,146], an analysis of the possible mechanism 
of action of the mutant receptor has been undertaken 
in one case (Met886Val) [85]. This study suggested that 
a functional element near M886 played a role, not in 
ligand-binding, but in interdomain and coactivator 
interactions. This mutation caused a 50% decrease 
in transcriptional activity and was associated with 
abnormal interactions between the COOH and NH,- 
terminal regions of AR, and between AR and the tran- 
scriptional intermediary factor TIF-2 [143]. 


Disorders of steroid metabolism 
5a-reductase deficiency is one of the best-known dis- 
orders of steroid metabolism leading to an intersex 
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condition. In this case, testosterone cannot be metabo- 
lized to dihydrotestosterone. Thus the testis is normally 
developed but the Wolffian duct derivatives are female, 
as are the external genitalia. At puberty, the “female” 
undergoes a remarkable transformation to maleness 
with the high levels of androgen produced. Groups 
of patients with this genetic syndrome are more com- 
monly found in several distinct areas of the world, such 
as the Dominican Republic [147,148] . 


Disorders of sexual development. 


Individuals with ambiguous genitalia and/or sec- 
ondary sex characteristics (intersex and gonadal dys- 
genesis syndromes) may result from chromosomal 
and gonadal disorders, endocrine abnormalities, and 
genetic defects. Although not as common as crypt- 
orchidism and hypospadias, these disorders present 
significant challenges for physicians, parents, and, 
eventually, the afflicted individuals with respect to sur- 
gical correction, management, and, in some instances, 
gender assignment. 

Approximately 1% of male infants are born with 
genital disorders, either cryptorchidism or hypo- 
spadias, placing them among the most common 
birth defects. Normal testicular descent and pen- 
ile development require appropriate function of the 
hypothalamic-pituitary-gonadal axis, with andro- 
gen action ultimately mediated through the androgen 
receptor. Recognized disorders along this pathway 
(anencephaly, Kallmann syndrome, testosterone bio- 
synthetic defects, androgen receptor abnormalities) 
exhibit cryptorchidism and/or hypospadias or incom- 
plete penile development (e.g., micropenis). Many of 
these syndromes, especially those involved in normal 
androgen action, have been shown to be the result of 
discrete genetic abnormalities. Nevertheless, while both 
hypospadias and cryptorchidism may be associated 
with disorders of gonadal differentiation and develop- 
ment, as well as endocrine abnormalities, they may also 
result from other genetic defects of development. 


Genetic disorders of sex determination and 
development 

The diagnosis, and in some cases the treatment, of many 
of the disorders of sex determination are the responsi- 
bility of the pediatric urologist. Understandably, these 
disorders are associated not only with infertility but 
also with considerable social, physiological, and psy- 
chological issues for the individuals and their families. 
An unresolved consequence of such genital anomalies 


involves the impact of diagnosis on later male repro- 
ductive function and the effect of specific therapies 
altering that adult outcome. The molecular mecha- 
nisms responsible for normal genital tract develop- 
ment, as well as the genetic abnormalities associated 
with abnormal development, continue to be defined 
as the various molecular models developed in the 
laboratory provide ways to predictably alter urogenital 
morphogenesis. 


Intersex 

Currently, intersex is divided into four main categor- 
ies: female pseudohermaphroditism (FPH), mixed 
or pure gonadal dysgenesis (GD), true hermaph- 
roditism (TH), and male pseudohermaphroditism 
(MPH) [149]. True hermaphrodites have both ovarian 
and testicular gonadal tissue, and variable genitalia. 
There are many other syndromes that are manifested 
as incomplete masculinization, masculinized females, 
or patients with sex reversal in whom the genotypic sex 
is not the phenotypic sex. Intersex conditions can arise 
as a result of structural or numerical chromosomal 
defects (discussed above), genetic defects, or hormo- 
nal, gonadal or end-organ insensitivity or dysfunction. 
In some patients, the defect may result from a local 
response to a systemic endocrinopathy, while in oth- 
ers the defect may reflect a developmental abnormality 
acting locally (reviewed in [149]). 


Gonadal development and intersex 

The Wilms’ tumor suppressor gene (WT'1) initiates the 
development of the gonads, and its absence results in 
gonadal agenesis. The orphan receptor steroidogenic 
factor 1 is a key regulator of the development of the 
endocrine system as it is expressed in the embryonic 
gonads and adrenals. It regulates the expression of the 
cytochrome p450 hydroxylases, DAX-1 and AMH. 
The expression of the Y-chromosome gene, SRY, is one 
of the earliest signals in the genital ridge. It leads to the 
partial differentiation of the cells destined to be the 
Sertoli cells and thus to initiation of the differentiation 
of the testis [150]. Studies of human XX males who are 
SRY- suggest that the SRY protein plays a role in the 
repression of transcription (reviewed in [150]). Desert 
hedgehog (DHH) plays an early role in the differentia- 
tion of the pre-Sertoli cells and the fetal Leydig cells. 
PTGDS, which regulates the expression of prostag- 
landin D, acts to aid in the recruitment of cells to the 
Sertoli cell lineage. Other genes, such as FGF9, work 
downstream of SRY but upstream of SOX9. The next 
stage of differentiation results from the expression of 
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SOX9, which leads to continued development of the 
testis. During embryogenesis, the complex pathway of 
gene expression is highly regulated, ultimately leading 
to the development ofa testis or ovary. Not surprisingly, 
given this complexity, the molecular basis for over 75% 
of human sex-reversal syndromes remains unknown, 
although a number of candidate genes have been iden- 
tified on the basis of microarray analysis (reviewed in 
[150]). A greater understanding of sex determination 
in the mouse is expected to enhance rapidly our under- 
standing of the human syndromes. 


Mixed gonadal dysgenesis 

Mixed gonadal dysgenesis is the most common inter- 
sex condition. It may result from a chromosome 
defect that can be identified by a karyotype analysis, 
although these are not always informative. The most 
common karyotype observed, the 45,X/46,XY mosaic, 
may result from the loss of a Y chromosome early in 
embryonic development. However, 33% of patients 
have a normal karyotype, suggesting that factors other 
than sex-chromosomal aneuploidy may be involved. 
The testes lack germ cells and, when intra-abdominal, 
have an increased risk of malignancy [151]. Dysgenetic 
gonads are surgically removed. 


Hypospadias 

Hypospadias is defined by abnormal anterior urethral 
development in which the urethral opening is located 
proximal to the tip of the glans penis. This defect occurs 
during urethral development (8-20 weeks of gestation 
in humans) and the opening may be on the ventrum 
of the glans proximal to the tip of the glans penis or 
as proximal as the scrotum or perineum. Hypospadias 
of some degree occurs in about 1/300 male births. 
Androgen receptor mutations may be associated with 
hypospadias, even distal hypospadias, although this 


is rare. 


Genes potentially associated with hypospadias 

Misregulated expression of genes in the genital tuber- 
cle during development is thought to be involved in 
human hypospadias. These include transforming 
growth factor beta (TGF-B) (B1, B receptor 3) and the 
associated genes in this signal transduction pathway. 
ATF3 is one candidate shown to be estrogen-regulated. 
The SMAD proteins 3 and 4 are downstream signaling 
proteins and form a heterodimer with ATF3. A series 
of growth factors are also involved, such as fibroblast 
growth factor 1 (FGF1), FGF8, bone morphogenic 
protein 2 (BMP2), BMP4, BMP7, frizzled (FZD1), 


WNT5A, sonic hedgehog (SHH) and homeobox type 
genes (muscle segment homolog homeobox [MSX1], 
HOXA13, HOXD13) and other genes such as throm- 
bospondin 4 (THBS4) and wingless-type mouse mam- 
mary tumor virus integration site family member 5A 
(reviewed in [152]). On the basis of microarray studies, 
a number of other candidate genes are identified in the 
human, and these range from genes involved in cell sig- 
naling to those involved in transcriptional regulation, 
cell cycling, and even transport [152]. 


Steroid receptor pathway defects in hypospadias 

A number of candidate genes associated with hypo- 
spadias have been identified recently. Both the estro- 
gen and androgen receptor keys are involved in some 
types of hypospadias. One such candidate is activating 
transcription factor 3, an estradiol-regulated gene. 
Expression of this gene is increased in human foreskin 
from children with hypospadias, and in mouse models, 
the expression is up-regulated by estrogen-like com- 
pounds [153]. Polymorphisms in the estrogen recep- 
tor genes (1 and 2) are associated with varied risks of 
hypospadias [154]. Not surprisingly, maternal/fetal 
exposure to endocrine-disrupting chemicals has been 
implicated in some of these cases [155-157]. 


Cryptorchidism 

Cryptorchidism, or failure of testicular descent, 
occurs in about 3% of full-term newborn boys. Its 
prevalence decreases to about 1% by six months of 
age. It may be either bilateral or unilateral, and tes- 
tis location is defined at the time of surgery as intra- 
abdominal (9%), peeping testis (20%), tubercle (42%), 
upper scrotum (8%), superficial inguinal pouch/ 
ectopic (12%), absent or atrophic (9%). Sometimes 
found in association with hypospadias, cryptorchidism 
is also associated with the presence of a patent pro- 
cessus vaginalis, abnormal epididymis, cerebral palsy, 
mental retardation, Wilms tumor, and abdominal wall 
defects (e.g., gastroschisis, omphalocele, prune belly) 
(reviewed by Sumfest et al., emedicine.medscape.com/ 
article/438378-overview). Usually, it presents as an 
isolated defect. There are two main phases of testicu- 
lar descent. The first phase occurs when the abdominal 
testis moves to the inguinal ring. The second phase is 
usually thought to be androgen-regulated. In the adult, 
it presents a risk of malignancy as well as infertility. 


Insl3 
The insulin-like 3 hormone (INSL3), also known as Ley 
I-L (Leydig insulin-like) and RIf (relaxin-like factor), is 
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the main testicular hormone that induces gubernacu- 
lar development [158,159]. Animal studies showed that 
deficiency of INSL3 resulted in the testis and genital 
tract being freely mobile within the abdomen because 
there were no cranial or caudal attachments of the 
testis to the inguinal region. The protein is similar to 
relaxin, a hormone produced by the ovaries and pros- 
tate. A number of groups have looked for mutations of 
INSL3, and results are controversial. However, several 
mutations have been identified and shown to impair 
the function of the protein [160-169]. 


Great gene (Igr8) 

A mouse model of cryptorchidism was identified after 
a transgene insertional mutation caused high intra- 
abdominal cryptorchidism in homozygous males. 
A candidate gene, Great (G-protein-coupled recep- 
tor affecting testis descent), was identified within the 
transgene integration site. GREAT is a member of a 
group of receptors that show homology to the glyco- 
protein hormone receptors. The gene encodes a seven 
transmembrane receptor that is highly expressed in the 
gubernaculum, the ligament that controls testicular 
movement during development. With targeted dele- 
tion of this gene in a mouse model, gubernacula fail to 
differentiate. Mutation screening of the human GREAT 
gene in 60 cryptorchid patients revealed a unique mis- 
sense mutation (T222P) in the ectodomain of the 
GREAT receptor in one of the patients, implicating the 
gene in the etiology in some cases of cryptorchidism in 
humans [165-167]. 


Androgens and their cognate receptor 

The second phase of testicular descent is andro- 
gen-regulated. In response to LH, testosterone 
regulates the involution of the suspensory ligament 
and is involved in the inguinoscrotal phase of des- 
cent. Not surprisingly, alterations in androgen sen- 
sitivity and the signaling pathway of the androgen 
receptor, as well as endocrine imbalance, can be asso- 
ciated with cryptorchidism. The section on androgen 
insensitivity reviews these pathways. Antiandrogen 
treatment during development, and, potentially, expo- 
sures to endocrine-disrupting chemicals or agents 
with estrogen-like properties, may be involved in 
cryptorchidism [170]. 


Steroid biosynthetic pathways and metabolism 
deficiencies 


Deficiencies of 21a-hydroxylase or 116-hydroxylase 
(elevated 17OHP), 3ß-hydroxysteroid dehydrogenase 


[3B-HSD] (increased DHEA : andro ratio), 17a- 
hydroxylase (increased P : 17OHP ratio), 17,20 lyase 
(increased 170HP: andro ratio), 17B-HSD (increased 
andro : T ratio), and 5a-reductase (increased T : DHT 
ratio) may be associated with cryptorchidism or 
hypospadias. Congenital adrenal hyperplasia (CAH) 
accounts for about 80% of the masculinized females 
[149], and 90% of these result from a 21-hydroxylase 
deficiency. Lesscommon causes of CAH include defects 
in 116-hydroxylase, 3b-HSD, and P450 aromatase. As 
a result of the deficiency, the androgenic steroid pre- 
cursors accumulate, and masculinization of the female 
occurs. CAH is a particular concern because of the 
possibility of salt-wasting and low glucocorticoid and 
mineralocorticoid levels. 


Androgen exposure during development 

Maternal CAH or androgenic drug administration 
(e.g., danazol, anabolic steroids), or the presence of an 
androgen-producing tumor, can masculinize an other- 
wise normal female fetus [149] . 


Syndromes that adversely affect the 
extratesticular ductal system 
Congenital bilateral absence of the vas 
deferens (CBAVD) 


CBAVD is found in 1% of infertile males and in up to 
6% of those with obstructive azoospermia [171,172]. 
CBAVD has two genetic etiologies: one involves 
mutations in the same genes that underlie cystic 
fibrosis and the second involves unknown genetic 
mechanisms controlling mesonephric duct differ- 
entiation [173,174]. Physical examination reveals 
normal testis size and consistency, as spermatogenesis 
is unaffected. The caput epididymidis, made up of the 
efferent ductules, is always present and will be full and 
firm, as it is distended with fluid from the testis. The 
corpus and cauda are occasionally found as well. The 
vasa are absent bilaterally to palpation. Since the semi- 
nal vesicles are typically absent or atrophic, although 
occasionally large and cystic, the ejaculate consists 
only of prostatic fluid and is thin, watery, of low volume 
(0.6 mL), and low pH (6.5). The seminal vesicle anoma- 
lies can be imaged by transrectal ultrasound [175]. For 
men with CBAVD, pulmonary and pancreatic func- 
tions are fine [176,177]. 

Cystic fibrosis (CF) is a common autosomal reces- 
sive disorder that afflicts 1 in 1600 people of Northern 
European descent [178]. CF occurs with less frequency 
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in those with other geographic or ethnic backgrounds, 
and so CF mutation analysis should be population- 
specific [179,180]. The most life-threatening and 
morbid clinical component of CF is the obstructive 
pulmonary disease resulting from thickened, tenacious 
respiratory secretions that begin a cycle of repeti- 
tive infections in the small airways and alveoli [181]. 
Patients with CF may require lung transplantation. 

For similar biochemical reasons, the pancreatic 
exocrine system may fail. This is a less morbid issue 
because of the availability of oral pancreatic enzyme 
replacement. Abnormalities of the reproductive ductal 
structures are similar to those described above [182]. 
Spermatogenesis is intrinsically normal. 

CF and most cases of CBAVD result from muta- 
tions in both maternal and paternal copies of the 
CFTR genes that encode for the cystic fibrosis trans- 
membrane conductance regulator protein. CFTR is 
crucial for the maintenance of viscosity and fluidity 
of epithelial secretions through regulation of proper 
sodium/chloride balance. If the total functional CFTR 
pool is reduced by 50%, as occurs in people with 
either the maternal or the paternal allele mutated, but 
not both, clinical disease is not apparent. This is the 
“carrier” state, found in approximately 1 in 20 peo- 
ple of Northern European descent. When both CFTR 
alleles are abnormal, clinical disease may be present, 
showing a wide phenotypic spectrum from the mild- 
est expression (CBAVD) to the most pronounced (CF 
diagnosed in infancy) with intermediate forms as 
well (e.g., CBAVD and sinusitis) [183,184]. Common 
to all, however, is vasal absence [182,185]. Clinical 
disease is determined by the combination of the two 
mutations. Two “severe” mutations, each dramatically 
altering the function or quantity of CFTR, will lead to 
clinical CE. Two “mild” mutations may result in only 
CBAVD if the individual is male. What is most com- 
monly found in CBAVD, however, is a combination 
of “severe” and “mild” mutations. A three-base-pair 
deletion, termed AF508, is the most common muta- 
tion found worldwide in both CF and CBAVD [186]. 
The resultant CFTR is functionally handicapped and 
ineffective. When the patient is AF508 homozygous, 
clinical CF will be manifest. An intron 8 anomaly, 
termed 5T, coupled with AF508 is the most common 
combination underlying CBAVD [187]. In intron 8, 
there is a string of five, seven, or nine thymidines. If 
the pre-mRNA contains either seven or nine thymi- 
dines, splicing efficiency is optimal and the exon 9 
derivative is intact and present in the mature mRNA. 


If only five thymidines are present, splicing efficiency 
is less than optimal and many mature mRNAs will 
be missing exon 9 derivatives, the final protein being 
significantly abnormal. Therefore, the presence of 
5T leads to a quantitative reduction in the amount of 
normal CFTR. 

In males with CBAVD, at least one mutation can 
be found in 80%. The second mutation is presumed 
to be present but not detectable in those who are not 
compound heterozygotes on initial testing [188]. 
Males with CFTR-mutation-based CBAVD have nor- 
mal renal anatomy. Mesonephric duct differentiation 
is thought to be normal in the early stages of embryo- 
genesis, and it may be only later in fetal life or early in 
infancy that the vasa deferentia and seminal vesicles 
become atretic. The male of each couple should be 
tested to determine his mutational status. If a male 
with newly defined CBAVD is indeed on the cystic 
fibrosis spectrum, then any associated ailments, e.g., 
chronic sinusitis or occasional pneumonias, may 
be viewed in a different light and be treated subse- 
quently in a different way. In addition, the male most 
likely has reproductive-age siblings and it is import- 
ant to define for their family unit the CF mutations 
that each of them may have inherited. Each brother 
may also have CBAVD. Since surgical or percutaneous 
sperm retrieval can be used to harvest sperm for use 
with ICSI, the female partner should be tested as well 
prior to any intervention [189]. If she is a carrier of a 
CF mutation, preimplantation genetic diagnosis can be 
employed to prevent the transfer of any embryos that 
will be predicted to have CF or CBAVD [190]. Sperm 
aspiration procedures coupled with ICSI should not 
be performed until the appropriate genetic evaluation 
and counseling have been carried out lest a child with 
clinical CF or a male with CBAVD be born [191,192] 
(Fig. 15.3). 


AF508/5T ®@ @ AF508/+ 
CBAVD Carrier 


AF508/AF508 AF508/+ 5T/AF508 5T/+ 


Cystic Fibrosis Carrier CBAVD (male) Carrier 


Fig. 15.3. Possible outcomes for offspring: paternal CBAVD 
(AF508/5T), maternal carrier (AF508 / +). 
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Failure of appropriate mesonephric duct differenti- 
ation may underlie a second genetic etiology, as posited 
by McCallum et al. [173]. At week 7 or so of gestation, 
the mesonephric duct splits into its two derivatives. 
The reproductive ductal portion will give rise to the 
distal two-thirds of the epididymis, the entire vas def- 
erens (convoluted, straight, and ampullary segments), 
the seminal vesicle, and the ejaculatory duct. The caput 
epididymidis derives from the degenerating mesone- 
phros and the prostate from the urogenital sinus. The 
urinary portion will give rise to the ureteral bud, which 
induces the metanephric blastema, the combination 
forming the kidney, the intrarenal collecting system, 
and the entirety of the ureter [193]. Ifan isolated insult 
occurs to one of the developing mesonephric ducts 
prior to week 7 of gestation, the kidney and reproduct- 
ive ductal structures may be absent on that side, but the 
contralateral anatomy should be normal. If, however, 
there is a genetic anomaly that compromises mesone- 
phric duct differentiation, both sides may be affected. 
At its most severe, this is perhaps the mechanism 
responsible for bilateral renal agenesis and Potter syn- 
drome. Ina slightly less severe form, perhaps this is the 
mechanism responsible for unilateral renal agenesis 
and bilateral vasal agenesis - one renal unit has devel- 
oped and the patient is able to grow, mature, and present 
later in life with infertility. CFTR mutations will not 
be found in any higher frequency than in the general 
population because they are not the underlying genetic 
etiology. Genetic counseling should be offered and the 
couple informed that the genetic basis is unknown but 
that a possible outcome is bilateral renal agenesis for 
any offspring conceived [173]. 

Finally, a small number of azoospermic men with a 
low-volume, low-pH ejaculate and a palpable vas def- 
erens on one side may have the same CFTR mutation 
spectrum as CBAVD men. and they should be tested 
[194]. They actually have bilateral vasal disease, as the 
palpable vas will be found to be non-patent somewhere 
along its course, scrotal, inguinal, or pelvic. Partner 
testing is mandatory. 


Persistent Mullerian duct syndrome 


AMH, also called Miillerian-inhibiting substance 
(MIS), is another TGF- superfamily member essential 
during male fetal sex determination. AMH null males 
develop Miillerian duct derivatives, encompassing ovi- 
ducts, a uterus, and a vagina, in addition to a complete 
male reproductive system [195,196]. Although these 
AMH null mice have testes that are fully descended and 


produce functional sperm, the null male is rendered 
infertile due to the presence of female reproductive 
organs that interfere with sperm transfer. The recep- 
tor type II mutant males develop as a phenocopy of the 
ligand-deficient male mice, developing internally as 
pseudohermaphrodites [197]. In contrast to the com- 
plexity of the other TGF- gene family signaling path- 
ways, AMH targeting provides evidence for only one 
ligand for the type II receptor. In humans, deficiency 
of either AMH or its receptor function results in a her- 
nia inguinalis and cryptorchidism due to the presence 
of the Müllerian derivatives/remnants that effectively 
block testicular descent during development. 


Prune belly syndrome 


Prune belly syndrome consists of three types of con- 
genital anomalies. Namely, the abdominal wall mus- 
culature is absent or deficient, the urinary tract is 
dilated, and cryptorchidism is present. It also can 
be associated with other more complex syndromes. 
In its complete form, it is a relatively rare occurrence 
(1/40,000 live births). Deletion of hepatocyte nuclear 
factor 16 (HNF1f), a gene involved in early embryo- 
genesis and associated with a number of renal dis- 
eases, has been reported in one case of complete prune 
belly syndrome [198]. In other cases, it has been asso- 
ciated with complex structural chromosome defects 
[199-201]. 


Young syndrome 

In 1970, the urologist Young identified a genetic linkage 
between bronchiectasis and absent vas deferens [202]. 
Also known as the Barry—Perkins-Young syndrome, it 
is characterized by chronic sinopulmonary infection 
and male infertility. Handelsman et al. suggested that 
this syndrome is as common as Klinefelter, although 
the overall incidence is not clear [203]. 


Defects of the hypothalamic- 


pituitary—gonadal axis 


The hypothalamic-pituitary-gonadal (HPG) axis 
controls human sexual maturation and spermatogen- 
esis. Disruption of any step of this highly regulated 
endocrine pathway can severely impair male sexual 
development and fertility. Albeit relatively rare in the 
population, mutations, small deletions, orpolymorphic 
expansions within the regulatory genes involved in the 
biosynthesis of hormones, growth factors, the andro- 
gen receptors, and their associated signal transduction 
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pathways can profoundly affect male reproductive 
development and function. Consequently, the genetic 
defects of the HPG axis must be considered in the eval- 
uation and treatment of male infertility. 


Hypogonadotropic hypogonadism 
Hypogonadotropic hypogonadism (HH) is character- 
ized byadecreased output of GnRH and lowcirculating 
levels of FSH and LH, resulting in deficient androgen 
secretion and spermatogenesis in the testis [204]. 


Kallmann syndrome 

The hypothalamus secretes gonadotropin-releasing 
hormone (GnRH) which regulates the produc- 
tion of FSH and LH by the pituitary gonadotropes. 
Kallmann syndrome results from a failure of the 
GnRH-releasing neurons to migrate to the olfactory 
lobe during development. There are X-linked, auto- 
somal dominant, and autosomal recessive forms of 
HH that occur in approximately 1 in 10 000-60 000 
live births [205]. Kallmann syndrome represents the 
most common X-linked hypogonadotropic hypo- 
gonadism disorder in male infertility. A mutation in 
the X-linked KALI gene encoding anosmin 1, which 
encodes a neural cell adhesion glycoprotein molecule 
found in some embryonic extracellular matrices, is the 
basis for the sex-linked form of the disease. Less com- 
monly, structural chromosomal defects resulting in the 
loss of regions of the X chromosome may encompass 
the KAL1 gene and result in a genomic form of familial 
X-linked Kallmann syndrome [206]. In contrast, one 
form of autosomal dominant HH results from muta- 
tions in the fibroblast growth factor receptor 1 gene 
(FGFR1 or KAL2) [205]. The phenotypes observed can 
vary widely even within a given family with the identical 
mutation. In addition to the classical fibroblast growth 
factors, this receptor binds a number of adhesion mol- 
ecules such as N-cadherin and LI [205]. Accordingly 
there are a number of other candidate genes that have 
been implicated but not shown to be causative. Loss-of- 
function mutations in the gene encoding a G-protein- 
coupled receptor, the prokineticin receptor 2 gene 
(PROKR2 or PROK2), were reported in two sporadic 
cases of Kallmann syndrome, although this was a rare 
finding [207]. 

Not surprisingly, in patients with Kallmann syn- 
drome puberty usually is delayed or does not occur. 
Because of the lack of GnRH, patients present with no 
serum gonadotropins, small, nonfunctioning testes, 
and a short penis. Although infertility may represent 


the only phenotypic abnormality, anosmia may be 
present due to the developmental failure of the olfactory 
bulb. In some cases congenital deafness, asymmetry of 
the cranium and face, cleft palate, cerebellar dysfunc- 
tion, cryptorchidism, and renal abnormalities may be 
present. Hormone replacement is necessary, and sper- 
matogenesis and subsequent fertility occur with coor- 
dinated gonadotropin stimulation [208]. Interestingly, 
in a recent study of a series of patients with idiopathic 
hypogonadotropic hypogonadism a subgroup showed 
sustained reversal of their hypogonadotropic hypogo- 
nadism following treatment cessation [209]. Despite 
oligospermia, with appropriate endocrine supplemen- 
tation the majority of these patients can achieve father- 
hood without the need for assisted reproduction. 


Other gene defects causing hypogonadotropic 
hypogonadism 

Dax1 

DAX1, an X-chromosome-linked gene, encodes an 
orphan member of the steroid receptor superfamily 
required for the development of the hypothalamus, 
pituitary, adrenal glands, and gonads [210]. The pro- 
tein also maintains the integrity of the testicular epi- 
thelium and spermatogenesis. DAX1 mutations are 
associated with hypogonadotropic hypogonadism 
together with congenital adrenal hyperplasia, which 
may result in early infant death caused by an electro- 
lyte imbalance. 


Gonadotropic-releasing hormone receptor (GnRHR) 

GNRHR, which encodes the gonadotropic-releasing 
hormone receptor located on pituitary gonadotropes, 
can be mutated in patients with hypogonadotropic 
hypogonadism. At least 21 different loss-of-function 
mutations have been identified in humans over the past 
10 years [211]. 


Nasal embryonic LHRH factor (NELF) 

NELF is a protein that guides the migration of the 
olfactory axon and the gonadotropin-releasing hor- 
mone neurons during development. Mutations in the 
gene encoding this protein are known but rare causes 
of hypogonadotropic hypogonadism [212]. 


GPR54 or kisspeptin 

GPR54 is a G-protein-coupled member of the rho- 
dopsin receptor family and kisspeptin 1 is a known 
agonist for this receptor [213]. Kisspeptin induces 
the secretion of the gonadotropins in a number of 
species and is thought to act on the GnRH neurons 
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of the hypothalamus. Loss-of-function mutations of 
GPR54 were identified in several patients with idi- 
opathic hypogonadotropic hypogonadism, albeit 
rarely. Conversely, an activating mutation was identi- 
fied in a Brazilian girl with precocious puberty [214]. 
This pathway plays an important role in the regulation 
of both puberty and the maintenance of reproductive 
function. 


Convertase 1 

Convertase 1, an endopeptidase encoded by the PCI 
gene, is involved in GnRH secretion and the release 
of the precursor of GnRH by the hypothalamus [215]. 
This gene is involved in the post-translational process- 
ing of prohormones and neuropeptides. Mutation in 
PC1 is associated with hypogonadotropic hypogonad- 
ism with obesity and diabetes. 


Prader-Willi syndrome 

Prader-Willi syndrome is one of the leading genetic 
causes of obesity. Excessive appetite is characteristic. 
Prader-Willi, which can be associated with mild or 
moderate mental retardation and infantile hypotonia, 
can also present with hypogonadotropic hypogonad- 
ism. Sexual development is impaired or retarded, and 
testicular dysgenesis may be present, in part as a result 
of cryptorchidism. Rarely, precocious puberty is seen 
[216]. The most common cause is the deletion of the 
paternally derived chromosome 15q11-q13. Less com- 
monly, it is found when maternal uniparental disomy 
(two maternal copies) of this locus occurs [217,218]. 


Defects in the gonadotropins and their receptors 

FSH and LH are two key hormones produced by the 
testis that are necessary for male reproductive function. 
These gonadotropins are dimeric molecules com- 
posed of an a subunit common to both human chori- 
onic gonadotropin (hCG) and thyroid-stimulating 
hormone (TSH). The 6 subunits differ and provide 
specificity of action. 


Mutations in FSH and LH subunits 

Mutations in the FSH and LH subunits can underlie 
male infertility. The phenotypes may vary from com- 
plete virilization failure to less severe forms of hypogo- 
nadism. Because LH acts on the Leydig cell to stimulate 
androgen production, androgen deficiency, with its 
associated developmental and functional features, 
occurs [219]. Less commonly, deficiencies in FSH 
occur in subfertile males. Although FSH 6-subunit 
mutations have been suggested, they are rarely found 
in infertile men [220]. 


LH and FSH receptors 

The LH and FSH receptors mediate the actions of these 
gonadotropins in the Leydig and Sertoli cells, respect- 
ively. Gene mutation causing LH receptor deficiency is 
rare in humans, but targeted deletion of LH receptor in 
the mouse results in male infertility, and the mice dis- 
play the anatomical features of hypogonadism [221]. 
In contrast, constitutive activation of the LH receptor 
leads to male precocious pseudopuberty (but not infer- 
tility later in life), whereas pseudohermaphroditism 
and Leydig cell agenesis are the clinical phenotypes 
of LH resistance [222,223]. On the other hand, less is 
known about the FSH receptors; a mutation has been 
reported in a hypophysectomized man who is fertile, 
and in other men the incidence is rare [224,225]. 


Disorders that affect sperm function 
Globozoospermia 


Globozoospermia, or “round-headed sperm,’ is a 
severe form of teratozoospermia. The sperm heads 
appear round because there is no acrosome present. 
The presence of globozoospermia can be complete or 
incomplete, with varying percentages of round heads. 
Complete or total globozoospermia results in infer- 
tility. Partial globozoospermia occurs with varying 
degrees of normal sperm, and natural conception may 
result. Dam et al. reported on three of six brothers in an 
Ashkenazi Jewish family with a homozygous mutation 
in SPATA16, a spermatogenesis-specific gene [226]. 
Based upon SNP analysis, second- or third-degree con- 
sanguinity was present and a region of chromosome 
3q26 of interest was identified with about 50 known 
genes. Within this region was the spermatogenesis- 
associated 16 (SPATAI6) gene expressed only in 
human testis. A mutation was identified and expected 
to cause a splicing defect, but that could not be con- 
firmed because testicular tissue was not available. 
Nevertheless, this defect was not observed in a small 
group of unrelated men with globozoospermia, and 
other candidate genes for globozoospermia are known 
from mouse models, including Gopc, which encodes 
a Golgi-associated protein, or the HIV-1 Rev binding 
protein gene (Hrb) [227-230]. Targeted gene deletion of 
casein kinase 2 alpha catalytic subunit, Csnk2a2, results 
in round-headed sperm in mice [231]. In a case report 
of two men with globozoospermia, polymorphisms in 
the HRB, GOPC, and CSNK2A2 genes may have been 
associated with their globozoospermia, although the 
authors admit that complex trait-associated SNPs 
remain difficult to study [227]. 
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Primary ciliary dyskinesia 

Primary ciliary dyskinesia causes sperm abnormalities 
resulting from axonemal ultrastructural defects affect- 
ing the structure of the cilia/flagellum. The patients 
show bronchiectasis and a defect in sperm tails caus- 
ing a motility defect. Kartagener syndrome, one type 
of ciliary dyskinesia, is among the syndromic forms of 
asthenospermia commonly found in combination with 
situs inversus. Absent or shortened dynein arms in the 
sperm tail are found in more than half of the men with 
primary ciliary dyskinesia or Kartagener syndrome. 
Kartagener is due to mutations in the dynein genes 
[232]. These include the DNAII, DNHH5, TXNDC3, 
and DNAH11 genes found on chromosomes 9, 5, 7, and 
7, respectively. Another candidate identified by linkage 
analysis (genes not yet cloned) was found on chromo- 
some 16 (type 5). In one patient with asthenospermia, 
a heterozygous mutation in the tektin-t gene was found 
[233]. Clearly the etiology is multifactorial. 


Conclusion 


In conclusion, fast-paced evolution of advanced 
reproductive therapies has allowed the achievement 
of biological paternity by men who, heretofore, would 
never have been permitted by nature to procreate. It 
is important to strive to identify the genetic mishaps 
that have rendered a particular male either severely 
oligospermic or azoospermic. Finding a genetic basis 
before applying any type of surgical or in-vitro tech- 
nology allows counseling of the couple with regard to 
immediate, intermediate, and long-term issues that 
they should be aware of and consider before moving 
forward. Will a testis tissue extraction in an azoosper- 
mic male be worthwhile to even carry outin an attempt 
to find sperm for ICSI - an immediate concern? If an 
AZFa or AZFb/c microdeletion is found as the proxi- 
mate cause of the azoospermia, the answer is no 
- sperm will not be found, and no operative interven- 
tion is necessary or appropriate. If a karyotype reveals 
a translocation in a severely oligospermic patient, 
preimplantation genetic diagnosis can be employed 
to maximize ICSI success by identifying and transfer- 
ring only those embryos that may lead to a genetically 
healthy offspring - an intermediate time-frame issue. 
Equally important, though, are the many long-term 
consequences and outcomes that we must consider 
before blindly applying therapy that compensates for 
defects in the father but that may pass disease or abnor- 
malities along to his offspring or even the following 


generation. An AZFc microdeletion will render a son 
infertile or sterile - a situation that is preventable with 
preimplantation screening and transfer of only female 
embryos. What are the ultimate health effects on the 
children of patients when we treat globozoospermia, 
primary ciliary dyskinesia, and idiopathic severe oli- 
gospermia? This is a legitimate question that we must 
continue to try to answer as we get better and better at 
bypassing nature’s restrictions on conception. 
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Introduction 


A basic understanding of immunity dates to ancient 
Greece, when King Mithridates VI, in an effort to avoid 
assassination, attempted to “vaccinate” himself against 
lethal poisons by consuming small amounts of the same 
[1]. Intellectual interest in the immune system was 
generated by Dr. Peter Medawar, who won the Nobel 
Prize in 1960 for his description of immune tolerance 
[2]. The presence of autoantibodies to sperm was first 
described by Rumke in 1953, when it was hypothesized 
that antibodies could be a potential cause of infertility 
and abnormal semen parameters [3]. 

Today, although our understanding of the human 
immune system and its interplay with states of fertility 
has greatly improved, many questions remain unan- 
swered. Immunity to male sperm is unique among 
potential causes of infertility, as it may be generated 
by either partner, yet culminates in the same result: 
the impediment or destruction of sperm, or impaired 
oocyte fertilization. This chapter summarizes normal 
immune function and its relationship to immuno- 
logic infertility. We begin with an overview of immune 
system components and include a description of the 
humoral and cellular arms of immunity as well as other 
mediators of immunity. We discuss the initiation of 
an immune response to sperm, and how this response 
is diagnosed and quantified. Finally, we review treat- 
ments available to immunologically infertile men. 


Normal immune system function 


The normal immune system identifies and destroys 
“foreign” material, or antigen, within the body. To 
accomplish this complex task, and to serve its impor- 
tant role as a barrier to infection or invasion, the 
immune system distinguishes “self” from “nonself? 
maintains a memory of this recognition, and diversi- 
fies its response to a changing environment of antigenic 
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challenges. This elaborate system responds to all anti- 
gens encountered during the life of an individual, yet 
requires only 1-2% of the human genome to function. 
The immune response comprises two arms: the cell- 
mediated response and the antibody-mediated, or 
“humoral,” response [4]. A problem that has intrigued 
immunologists for decades is how we achieve immu- 
nological “tolerance” or acceptance of self antigens 
during development. The role of the thymus in con- 
trolling self-reactivity is well established. However, in 
interesting new work in humans and animal models, 
it has become apparent that the thymus produces 
various, nonthymic, organ-specific proteins during 
development, called “self shadowing,” which insures 
that the immune system does not react to individual 
body tissues [5]. Notably, it appears that a defect in 
the thymus of even one of those proteins is capable 
of inducing spontaneous, multiorgan, autoimmune 
syndromes [6]. It is through such mechanisms that 
our immune system naturally learns to differentiate 
self from nonself. Similarly, failure of these mecha- 
nisms can lead to destructive autoimmune syndromes. 
A simplified overview of immune system structure is 
outlined in Figure 16.1. 


Cell-mediated immunity 


Many cells are involved in the generation of a cell- 
mediated immune response. These include cells that 
entrap, digest, and present foreign antigens, and those 
that generate antibodies to modulate the immune 
response (Table 16.1). Proliferation of immune cells 
occurs in response to an antigenic challenge. The 
process typically begins with the phagocytosis and 
engulfment of foreign material and the presenta- 
tion of digested antigen by antigen-presenting cells 
(APCs) to the immune system in association with 
type II major histocompatability (MHC) proteins on 
the cell surface. Alternatively, the APC can be directly 
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Table 16.1. Cell types and mediators in cell-mediated immunity 


Cell Type Description 

Monocyte, Effect: phagocytosis, cell lysis, antigen presentation Location/ 

macrophage derivation: tissue 

Neutrophil Effect: migratory, phagocytosis, cell lysis, primary responder 
in acute inflammation Location/derivation: tissue 

T lymphocyte 


3 = m 


emory Location/derivation: tissue 


B lymphocyte 


Sem 


ect: response to antigens in association with class | & 
MHC Multiple subtypes: helper, suppressor, cytotoxic, 


ect: antibody production Location/derivation: reside in 


Associated factors 


Interleukin (IL)-1, tumor necrosis factor (TNF), 
lysozyme, prostaglandins (PG), complement, 
oxidative products 


Oxidative products, prostaglandin E, (BGEy 
collagenase, elastase, proteases, histaminase 


Ls 2-6, interferon (IFN)-y, TNF, serine proteases 


mmunoglobulins (lg) — all classes 


mph organs and secretory surfaces/bone marrow 

Natural killer (NK) Effect: specific and nonspecific cytotoxicity, antigen L-1, IL-2, colony stimulating factor, IFN-y, TNF 

cell presentation Location/derivation: tissue 

Mast cell Effect: fixed IgE binding Location/derivation: fixed in tissue Histamine, serotonin, proteolytic enzymes, 
(vasculature, lymph, stroma) chemotactic factors 

Basophil Effect: mobile IgE binding Location/derivation: circulate Histamine, serotonin, proteolytic enzymes, 
hroughout body chemotactic factors 

Eosinophil Effect: secretory granule release, cytotoxicity, IgE & G binding, Leukotrienes, PGE,, superoxide, phospholipidase, 


parasite concentration 


Environmental stimuli 


4 


IFN, wt 
IL2,18 p 


Å. 


s FNS * 


v v 
IgG IgG, IgE, IgA 


infected by viruses and certain types of bacteria, which 
also permit antigen presentation to the immune sys- 
tem. Recognition of this antigen-MHC complex by 
specific lymphocytes triggers a cascade of events, lead- 
ing ultimately to both cellular proliferation and release 
of immune mediators, including cytokines (Fig. 16.1, 
Table 16.2). 

Once identified by the cellular immune system, 
antigen is eliminated through various pathways. 


complement fixation Location/derivation: sites of increased 


ý the central role of CD4+ T cells, the 


inases 


Fig. 16.1. Simplified view of the 
“bow-tie” architecture of the human 
immune system. Salient features include 


involvement of many cytokines, and the 
presence of negative feedback to prevent 
autoimmunity. In response to stimuli, 
CD4+T cells become Thi, Th2, or Tr1 cells 
depending upon the cytokine profile 
induced by the stimulus. Th1 cells pro- 
duce cytotoxic T cells (CTL, cell-mediated 
`~ immunity) and some B cells, while Th2 
Ng cells produce mainly B cells (humoral 

N immunity). Negative feedback is initiated 
by the Trl and Th3 cells. IFN, interferon; IL, 
interleukin; NK, natural killer. 


* / 


: “IL10 / 
À 4 : 4IL5 = a 
Macrophage Eosin- 

ophil 


+ 
TGFB 


Direct contact of antigen with certain immune 
cells can result in immediate destruction; these cells 
include cytotoxic T cells (“killer T cells”), natural killer 
cells (NK cells), and macrophages. Antigen can also 
be eliminated by antibodies in a process known 
as antibody-dependent cell-mediated cytotoxicity 
(ADCC). Lastly, antigen can be coated with antibody 
or “opsonized” and subsequently destroyed by the 
complement cascade. In the absence of complement 
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Table 16.2. Cytokine type and function 


Cytokine 
Interferon (IFN) 


Description 


Alpha, beta, and gamma sub 
by macrophages, neutrophils, 
ymphocytes 


Interleukins (IL) L-1 through IL-12 subtypes; g 


produced by lymphocytes 


Tumor necrosis factor (TNF) Alpha and beta subtypes; pro! 


lymphocytes and macrophag 


ypes; produced 
pane | 


lycoproteins 


duced by 
es 


Low molecular weight 
immunomodulators (LMWI) 


Thymosins, muramyldipeptid 


MHC, major histocompatiblity complex proteins. 


es, pyrimidones 


Function 


Augments killing of virus infected cells, 
regulates cell surface MHC expression 


Promotes immune cell activation and 
chemoattraction. Growth factors 


Induces tumor cell apoptosis, B lymphocyte 
activation, antigen induction 


Augments lymphocyte killing, induces 


interferon production, antiviral killing, and 
tumor cell lysis 


proteins, opsonized antigen is destroyed by the cellular 
immune system [1,7]. 


Humoral immunity 
Antibodies, also known as immunoglobulins, form 
the basis for vaccination theory. They are the soluble 
mediators of immunity. Antibodies are glycoproteins 
synthesized and secreted by B lymphocytes that have 
been activated to become plasma cells. Each antibody 
molecule is composed of two light chains and two heavy 
chains (Fig. 16.2). Together, these components define the 
function (Fab region) and type (Fc region) of each anti- 
body. Most antibodies are monomers, with single Fab 
and Fc regions; IgM, a pentomer, is the exception to this 
rule. Five different antibody types exist, each with unique 
functionality and distribution in the body (Table 16.3). 
Unlike the cellular response, antibody recognition of 
antigen requires neither cellular digestion nor associa- 
tion ofantigen with MHC proteins. As such, the humoral 
immune system is suited to the destruction of whole, 
extracellular antigens, including most bacteria, larger 
parasites, and viruses. Similar to the cellular response, 
antigens are eliminated via multiple pathways after rec- 
ognition, including through complement, linkage to 
cellular immunity and phagocytosis, initiation of a mast 
cell response, local and systemic inflammation (allergic 
response), and lymphocyte binding and killing. 
Although the cellular and humoral systems are 
described as distinct arms of immunity, these systems 
make up an intricately intertwined system, and one 
that is redundant, self-augmenting, and exquisitely 
specific [8]. 


Other mediators of immunity 


Other secreted factors play key roles in integrating and 
augmenting the immune response. These cytokines 


are non-immunoglobulin effector molecules that 
are synthesized and secreted by lymphocytes and 
other immune cells [9]. Many cytokines exist, with 
distinct functions that serve to regulate both arms of 
the immune response to antigen (Fig. 16.1; Table 16.2). 
As important mediators of inflammation, they playa 
distinct role in modulating interactions between the 
reproductive and immune systems [7,10]. 


Regional or mucosal immunity 

It is evident that various mucosal tissues within the 
body contain their own localized or regional immune 
systems. These local immune systems may function 
separately from systemic immunity, as demonstrated 
in Figure 16.3. They are characterized by the secretion 
of immunoglobulin A (IgA) at the mucosal surfaces of 
the gut, respiratory system, and genitourinary tracts. 
The concept of common mucosal immunity stems 
from the fact that activated lymphocytes from the gut 
can disseminate immunity to other, distant, mucosal 
sites, and is the basis for research on orally adminis- 
tered vaccinations [11]. Since it is not apparent that 
male immune infertility is associated with a measur- 
able activation of generalized immunity, the idea of a 
geographically restricted, mucosal immune system 
in the reproductive tract is conceptually attractive. 
This is supported by the fact that antisperm antibodies 
are often present on sperm but not in serum of men 
with immune infertility. The sites of origin of mucosal 
immunity within the genitourinary tract are still unde- 
fined [12]. 


Testicular immunology 

It is important to understand how the immune sys- 
tem functions in the male genital tract, as the testes 
are unique and considered an immunologically 
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Fig. 16.2. Antibody anatomy. Each antibody 
molecule consists of variable light chain (V, ), 
constant light chain (C,), variable heavy chain 


Fab Region (V,,),and constant heavy chain (C,) structures. 
These chains are further grouped into Fab 
and Fc regions. Antibody “type” is determined 
by the Fc region, and antibody binding “spe- 
cificity” to antigen is determined by the Fab 
region. 
Fc Region 
Table 16.3. Antibody type, distribution, and function 
Antibody type Prevalence Description Function and location 
IgG 75% of antibodies Monomer form Secondary humoral response 
IgA 15% of antibodies Monomer or dimer forms Primary antibody in secretions 
IgM 10% of antibodies Pentomer forms Primary humoral response, complement 
fixation 
IgE 0.3% of antibodies Monomer form Induction of allergic response 
IgD 0.003% of antibodies Monomer form Soluble humoral immunity, function unclear 


“privileged” site in the body. Immune reactions eas- 
ily induced in other organ systems appear to be quali- 
tatively different (decreased) in the testis [13]. This is 
likely related to the unique way in which the immune 
system views sperm. The immune system develops tol- 
erance to self antigens during embryologic develop- 
ment, well before the initiation of spermatogenesis [2]. 
At puberty, meiosis begins in the testis with synchro- 
nized waves of sperm production. As germ cells take a 
haploid form, new cell-surface antigens are expressed 
that are novel to the immune system [1]. As a result, 
mature spermatozoa appear “foreign” to the immune 
system. Despite the novelty of sperm proteins, it is sur- 
prising that autoimmunity to sperm does not occur 
more often than observed in the adult male [14]. 

How is this immunological “sanctuary” main- 
tained? Electron microscopic and immunohistochem- 
ical studies have shown lymphocytes and macrophages 
in the spaces between seminiferous tubules, but not 


within the tubules. This has led to the hypothesis that 
a “blood-testis barrier” exists [15,16]. This barrier, 
more appropriately termed the “blood-seminiferous 
tubule barrier,’ has two components: an anatomic, 
or mechanical, barrier and a functional barrier. The 
mechanical barrier is created by muscle-like myoid 
cells that surround seminiferous tubules and that 
have been shown in rodent models to exclude large 
molecules including immunoglobulins [17-20]. The 
most important component of this barrier consists 
of synaptic tight junctions that form between Sertoli 
cells [16]. These specialized attachments preclude the 
passage of large molecules and lymphocytes between 
cells. The occlusive nature of tight junctions has been 
confirmed by tracer studies, in which large molecules 
can access the basal, but not adluminal, compartment 
of the seminiferous tubule [17,21,22]. 

But even this mechanical barrier may be insuf- 
ficient to guard developing spermatozoa [1]. Tight 
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A) 
Gut-lymphoid 
tissue 


Local lymph 
nodes 


Spleen 


Systemic Immune System 


Distant lymph 
nodes 


Fig. 16.3. Systemic and mucosal immunity in the repro- 
ductive tract. Both local (mucosal) and systemic immune 
systems may “see” sperm antigens through sensitized 
antigen-presenting cells. Each immune system then delivers 
activated T and B lymphocytes that manifest characteristic 
cellular and antibody responses. The local, mucosal immune 
response may play the larger role in reproductive tract 
immunity. (Used with permission from Turek PJ. Infections, 
immunity and male infertility. Infert Reprod Clin NorthAm 
1999; 10: 1.) 
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junctions vary in density throughout the reproductive 
tract. This is best exemplified in the ductuli efferentes, 
where tight junctions do not surround epithelial cells. 
The resultant gaps allow large molecules to traverse the 
germinal epithelium, and gain exposure to the adlu- 
minal compartment [23,24]. In guinea pigs, labeled 
antisperm IgG injected intravascularly has been found 
bound to sperm in both the rete testis and efferent 
tubules [19,25]. Thus, while the mechanical barrier 
contributes to immune isolation of the testis, other 
“functional” components must also exist. 

The functional barrier appears to involve sup- 
pression of immunoreactivity and down-regulation 
of the cell-mediated immunity. Three mechanisms 
likely work in concert to protect sperm from destruc- 
tion. First, lymphocytes are diverted by the vascular 
endothelium and are not allowed to accumulate in ana- 
tomically vulnerable regions in germinal epithelium 
[26]. Second, these vulnerable regions harbor mainly 
T suppressor cells [15,23]. Third, sperm antigens may 
be improperly presented to lymphocytes, impairing the 
immune response. This may be due to deficiencies in the 
association between antigens and the human leukocyte 


antigen (HLA) system, or to defects in HLA proteins 
[23,27]. By these mechanisms immunoreactivity is 
impaired and the functional barrier is maintained. 
Immunologic tolerance may also play a role in the 
functional testis barrier. Tung and colleagues have 
proposed that within the anatomically weaker areas 
(rete testis, efferent tubule, epididymis) there is a 
small, continuous leak of sperm antigens [14]. This 
leak generates T suppressor cells and immune toler- 
ance, similar to desensitization protocols for com- 
mon environmental allergens. However, with larger 
antigenic challenges, a true immune response results. 
In animal models of autoimmune orchitis, the orchi- 
tis begins in the rete testes [28,29], suggesting that 
this area is a site of antigen leak. Since experimental 
orchitis can also be induced by injecting activated T 
cells intravascularly, it is apparent that physical barri- 
ers need not be breached to allow lymphocyte access 
to sperm antigens. Cytokines may also contribute 
to immune tolerance [10], specifically interferon y, 
soluble Fc receptor, and transforming growth factor 
6 [1,30]. Hormones, and in particular androgens, also 
appear to regulate immunity [31]. Finally, the seminal 
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plasma may provide an immunologically privileged 
environment for ejaculated sperm within the female 
genital tract [32-35]. Thus immune tolerance to sperm 
is complex and likely to involve many immune system 
components, with overall regulation driven by geneti- 
cally conferred characteristics [36-40]. 


Mechanisms of immunologic infertility 
Sperm antigenicity 


Autoimmunity to the germline takes one of two forms: 
testis-specific or antispermatogenic [1]. Testis-specific 
antigens are those that induce an organ-confined 
immune response, culminating in orchitis, and 
exemplified most stereotypically by mumps orchi- 
tis. While not specific to the germinal epithelium or to 
sperm, this form of autoimmunity may cause severe, 
generalized inflammation of the testes, with destruc- 
tion of both interstitial and epithelial components. 
Antispermatogenic autoantigens induce autoim- 
munity to the germinal epithelium, resulting in a 
specific decline in sperm production due to germ cell 
destruction. However, it is still unclear which surface 
antigens lead to autoimmunity. Interestingly, certain 
HLA antigens that playa key role in other autoimmune 
syndromes are demonstrably absent from germ cells. 

Using monoclonal antibody technology, many 
sperm autoantigens have been identified in animal 
models [41,42]. These cell-surface molecules have 
important functions, including the regulation of sperm- 
atogenesis. Studies of human sperm have corroborated 
that some of these are autoantigens [32,43]. The fertil- 
ization antigen 1 (FA-1) is a large surface glycoprotein 
that may regulate sperm and zona pellucida interaction 
[44]. Antibodies directed against FA-1 prevent fertiliza- 
tion but do not impair sperm motility [45]. Other the- 
ories regarding sperm antigenicity have been proposed, 
including that men who develop antisperm antibodies 
may possess more highly immunogenic antigens than 
men without antisperm antibodies. Clearly, the anti- 
gens involved in generating autoimmune infertility are 
heterogeneous and, as such, have a variable impact on 
sperm production and function [1]. 

The study of sperm antigenicity is difficult, and the 
limitations in our understanding should be addressed. 
First, much of our current knowledge on this sub- 
ject is derived from animal models. Caution should 
be exercised in translating these studies to humans, 
as not all antigens found in animals are present in 
humans. Second, it is important to recognize that 


“cross-reactivity” may also play a role in autoimmun- 
ity, whereby an antibody to a particular molecule 
could also bind a completely different molecule with 
the same physical characteristics. Cross-reactivity 
may cause (a) the false identification of antigens that 
do not generate an autoimmune response, and (b) the 
production of antibodies to microorganisms or drugs 
that inadvertently cross-react with sperm antigens 
[46]. Another issue is that testis antigenicity is a highly 
dynamic characteristic. As sperm mature within the 
germinal epithelium, antigens are gained and lost. So 
antigens on primary spermatogonia may differ from 
those on spermatids, and carry different clinical impli- 
cations [47,48]. Lastly, antisperm antibodies may also 
recognize internal antigens in addition to cell-surface 
antigens of sperm that are thought to have little clin- 
ical importance [49]. 


Antibody-mediated sperm autoimmunity 
The ability of sperm to induce antibodies has been 
known for a century, yet only in the last 50 years have 
we come to realize the implications for infertility. Up 
to 12% of men undergoing evaluation for infertility 
will have antisperm antibodies (ASA) [1,50]. ASAs 
have been found in serum, seminal plasma, and 
bound directly to sperm. The implication of serum 
antibodies is unclear, given that they must first tran- 
sudate to the seminal fluid before sperm binding can 
occur. Although it could be postulated that serum anti- 
bodies act as a marker of immune infertility, their clin- 
ical importance remains uncertain. Antibodies within 
the seminal plasma are found both free and bound 
to sperm. Bound antibodies may have a higher avid- 
ity for particular sperm antigens than those that are 
free. Ultimately, the binding of antibodies is related to 
the concentrations of both antibodies and antigens, as 
well as to the binding constants of the antibodies them- 
selves [1]. 


Immune activation and antibody 


production 

Recall that antibodies are produced by plasma cells 
activated by T-helper cells in response to recognition of 
antigen-MHC complex. Antibody production is clas- 
sified as primary or secondary, depending upon the 
event that led to immune activation [51]. “Primary” 
or “idiopathic” implies an unknown etiology of 
antibody production, whereas “secondary” implies 
a known traumatic, inflammatory, or obstructive 
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event that culminated in exposure of autoantigens to 
the immune system. 

Although several theories have been proposed to 
explain pathologic ASA production, most involve a 
breach of the anatomic or functional blood-testis bar- 
rier. Physical disruption of the barrier can occur in 
a variety of conditions, including testicular trauma, 
biopsy, vasectomy, or other testis, epididymal, or 
vasal surgery. Less obvious causes of ASA produc- 
tion include orchitis, testis cancer, torsion, crypt- 
orchidism, and varicocele, all of which have been 
correlated with ASA production [52]. For simplicity, 
each condition has been categorized once in Table 16.4, 
although several could easily find residence in multi- 
ple categories. Although the production of ASA in 
conjunction with many of these conditions has been 
studied in animal models, not all associations have 
been demonstrated in humans. Further, the causal 
links between these exposures, ASA production, and 
infertility have not been demonstrated [1]. 

Amongst the exposures in Table 16.4, several 
have been studied in greater depth and merit fur- 
ther discussion. Following vasectomy, 50-80% of 
men will have serum levels of ASA. These levels are 
observed as early as two months following the pro- 
cedure, tend to peak at one year, and decline by year 
2 [52,53]. Antibodies have been reported as late as 
20 years after vasectomy [54]. Despite their presence, 
ASAs after vasectomy have very little clinical impact, 
since many men, despite elevated serum levels of 
antibody, are able to conceive normally following 
vasectomy reversal [55,56]. Individuals with unilat- 
eral or bilateral genital tract obstruction appear to be 
at increased risk for ASA production. Elevated ASA 
titers have been found in 81% of men with obstruc- 
tion, compared to 10% of men with other causes of 
infertility [1,57,58]. Inflammatory conditions such 
as orchitis and prostatitis may also be associated 
with ASA production, but there is less evidence of 
that association [1,59-63]. Assays for ASA in infer- 
tile men have found that men with varicoceles are 
two times more likely to have ASA titers than men 
without varicoceles [64,65]. ASA production has 
also been demonstrated in men who have undergone 
testis biopsy [66]. Lastly, genetics may influence ASA 
production, including the possibility that a predispo- 
sition for autoimmunity occurs with defects in thymic 
development [5]. In addition, there is evidence that 
men with ASA are more likely to possess a particular 
HLA marker, namely HLA-B28 [67,68]. 


Table 16.4. Conditions linked with antisperm antibodies 
Obstruction 

Vasectomy and reversal 

Idiopathic epididymal obstruction 
Ejaculatory duct obstruction 
Congenital absence of the vas deferens 
Inflammation 

Orchitis 

Venereal disease 

Prostatitis 

Cancer 

Thermal 

Varicocele 

Cryptorchidism 

Hot baths, tubs 

Trauma 

Coital 

Torsion 

Testis biopsy 

Oral, rectal exposure 

Genetic 

Thymic maldevelopment 


HLA-B28 haplotype 


Incases of post-testicular obstruction or reproduct- 
ive tract surgery, the substantial release of sperm anti- 
gens may inoculate the immune system, with plasma 
cell differentiation and ASA production. Unlike in 
states of immune tolerance, this “bolus” exposure of 
sperm antigens overwhelms the steady-state immuno- 
suppression in the functional blood-testis barrier. In 
addition to direct vascular exposure of antigen, peri- 
toneal and gastrointestinal exposures resulting from 
trauma and lymphatic drainage may also foster anti- 
body production [69-71]. 

Once an autoimmune response is initiated, many 
antibody types can be generated. However, only IgG, 
IgM, and IgA have been shown to be directed against 
sperm. Although IgM ASAs have been found in the 
seminal plasma, its large, pentomer structure likely 
prevents transudation to semen; therefore its role in 
immune infertility probably is limited [72]. IgG is pro- 
duced locally in the genital tract as well as transudated 
from serum, where it is produced in large quantities 
[73]. Only 1% of serum IgG is observed in the seminal 
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plasma, and most IgG production results from systemic 
antigen inoculation [74]. The presence of IgG in the 
seminal plasma despite absent serum levels suggests a 
mechanism for in-situ, local production as well [75]. 
IgA is found in the seminal plasma but virtually never 
in serum. Based upon this and our understanding of 
IgA behavior in other organ systems, it is likely gener- 
ated by local antigen inoculation. The exact location of 
IgG and IgA antibody production in the reproductive 
tract is unknown [76,77]. 


Mechanisms of antibody-mediated 
infertility 


Once antibodies are generated, infertility may be caused 
by mechanisms beyond simply a decrease in sperm 
concentration. Antibodies may impair sperm motil- 
ity, passage through the female reproductive tract, 
and the capacity for sperm to properly interact with 
the oocyte during fertilization [78]. Antibody bind- 
ing to sperm may prevent penetration of the cervical 
mucus, and forms the basis of the cervical mucus test. 
When more than 50% of sperm are antibody-bound, 
the probability of adequate numbers of sperm pene- 
trating cervical mucus is significantly reduced [79]. 
Experimental studies suggest that the Fc region of IgA 
binds receptors within the mucus, impairing forward 
progression [80]. Sperm bound by antibody can also 
cause agglutination, which decreases their efficient 
passagethrough the cervical mucus. These interactions 
are caused predominantly by IgA as opposed to IgG anti- 
body, suggesting that the local antibody response may 
have a greater role in autoimmunity than the systemic 
antibody response [51,81]. Female antisperm antibod- 
ies may also cause poor sperm mucus penetration. In 
this case, sperm are quickly immobilized in the mucus 
after targeting by resident antibodies [71]. 

In addition to inhibited passage through the mucus, 
antibody-bound sperm may also be targets for 
destruction. Sperm opsonization occurs throughout 
the female genital tract, including in the uterine cavity, 
fallopian tubes, and intraperitoneally. Once opsoniza- 
tion has occurred, sperm are phagocytosed or fixed by 
the complement, and then lysed [82]. 

Antisperm antibodies may also prevent normal 
gamete interaction by preventing normal binding tothe 
zona pellucida. The interaction between sperm and egg 
is highly regulated by specific receptor-ligand binding. 
Opsonized sperm may be unable to bind appropriately 
to the oocyte because of steric interference. Clinically, 
this suggests that head-directed antibodies may be more 


deleterious than tail-directed antibodies for infertil- 
ity [83]. An example of this is disruption of the normal 
sperm -zona interaction and subsequent fertilization with 
antibodies directed against the FA-1 receptor [44,45]. 

Oocyte penetration by sperm may also be affected 
by ASA. In-vitro experiments in which sperm have 
been incubated with the sera of ASA-positive men have 
demonstrated that ASA-coated sperm only poorly 
penetrate zona-free hamster eggs [84]. Interestingly, 
this effect only occurs with antisperm IgG and IgM, but 
not IgA, which has led to the thought that complement 
fixation is key in preventing oocyte penetration [85]. 

The capacity of ASA to induce spontaneous abor- 
tion in affected couples has been suggested but has 
not been definitively shown. In experimental mod- 
els, following the fusion of human sperm with ham- 
ster, rabbit, and mouse oocytes, the formed zygotes 
promptly begin to express sperm-derived surface anti- 
gens [86-88]. Expression of these antigens could con- 
ceivably make the embryo susceptible to opsonization 
by antisperm antibodies [78]. The most likely result 
from this is failed implantation and perceived infertil- 
ity rather than recurrent abortion [1]. 


Cell-mediated sperm autoimmunity 


Cell-mediated autoimmune infertility is difficult to 
demonstrate. However, several lines of evidence sug- 
gest that it may be important for infertility. Although 
ASAs are present in many cases of immune infertil- 
ity, they are conspicuously absent in others, suggest- 
ing that ASAs may be only a small component of the 
autoimmune response. Clinically, this may be what is 
observed with spermatic cord torsion. Despite an obvi- 
ously ischemic and necrotic testis and the release of a 
germ cell inoculum from this damage, significant ASA 
titers are rarely demonstrated afterwards. This occurs 
despite an active immunologic assault on the contralat- 
eral testis, characterized by pro-inflammatory cell infil- 
tration and release of inflammatory mediators [89,90]. 

Investigators have also attempted to quantify the 
cellular immune response in patients with a history of 
surgically repaired cryptorchidism. In this study, sub- 
ject macrophages were purified and combined with 
homologous sperm to assess macrophage reactivity. 
Half of the patients with unilateral cryptorchidism 
and 80% of those with bilateral disease demonstrated 
immunoreactivity [91]. While this study suffered from 
small numbers and the lack of a true control group, it 
suggests an active cellular immune response in this at- 
risk patient population. 
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Could pyospermia or leukocytospermia also 
be a manifestation of cellular immunity to sperm? 
Immunohistochemical studies ofthe male reproductive 
tract clearly demonstrate immunologically active cells 
within the testicular interstitium and seminal fluid, but 
their impact on sperm function is poorly understood 
[92-94]. Pyospermia, the elevation of white blood 
cells in seminal fluid, is also present in many men with 
infertility, and in-vitro studies have demonstrated poor 
oocyte penetration in such cases [47,95]. However, 
while there may be associations between certain 
seminal white blood cell types and abnormal semen 
parameters, there is insufficient evidence to link cel- 
lular autoimmunity with pyospermia [92]. 

Experimental models also support the role of cell- 
mediated sperm autoimmunity. The experimental 
allergic orchitis model (EAO), developed in murines, 
rats, and rabbits by injecting homologous sperm anti- 
gen intraperitoneally into naive animals [1], demon- 
strates profound cellular infiltrates and destruction of 
the germinal epithelium in the naive testes [25]. That 
similar outcomes are possible with injection of acti- 
vated T cells alone implies the critical role of the cel- 
lular immune system in this condition. 

Cytokines, the soluble mediators of inflammation, 
are most likely linked to any autoimmune response to 
sperm. Impairments of sperm motility and hamster 
egg penetration have been observed in sperm exposed 
to cytokines such as interferon y, tumor necrosis 
factor, and the supernatant of activated lymphocytes 
[92,96]. In addition, the leukocytes of vasectomy 
patients, when stimulated with sperm in vitro, have 
augmented cytokine production compared with those 
of men without vasectomy [97,98]. Attempts to meas- 
ure cytokines in seminal plasma have proven diffi- 
cult, likely because of the abundance of proteolytic 
enzymes that degrade them [23]. 


Diagnosing immunologic infertility 

Tests of antibody-mediated immunity 

The diagnosis of antibody-mediated infertility lacks 

a pathognomonic clinical picture. However, an ASA 

assay should be obtained when: 

(1) the semen analysis shows sperm agglutination or 
clumping in the absence of clinical infection; 

(2) low sperm motility exists, with history of testis 
injury or surgery; 

(3) there is confirmation that increased round cells 
are leukocytes; 


(4) sperm “shaking” is observed on sperm-cervical 
mucus contact testing; 

(5) poor penetration of mucus is observed on a 
postcoital test; 

(6) there is unexplained infertility. 


Immunologically mediated infertility is subtle and 
usually presents as unexplained infertility. During the 
male evaluation, attempts should be made to eluci- 
date potential exposures that could predispose to ASA 
production. 

Despite attempts to correlate routine semen param- 
eters with ASA, no specific set of parameters is truly 
predictive [92,99]. In particular, neither sperm con- 
centration nor viability is associated with ASA pres- 
ence [100]. Decreased sperm motility can be caused by 
antibody coating of sperm, but other causes such as vari- 
cocele should be excluded [101]. Additionally, sperm that 
are bound by antibody are more likely to clump and be 
observed as agglutination. Unfortunately, agglutination 
is nonspecific, and can also be due to infection [102]. 

Examination of sperm behavior in cervical mucus, 
although not commonly performed, may help to iden- 
tify ASA. Postcoital and cervical mucus penetration 
testing assess the capacity of sperm to penetrate cervi- 
cal mucus. The finding of sperm that are shaking back 
and forth, without forward progression, may indicate 
ASA production [103,104]. 

Several variables should be considered with ASA 
testing. As one might suspect, the greater the percentage 
of sperm coated by antibody, the greater the likelihood of 
infertility. Evidence to date indicates that a threshold is 
reached when over 50% of sperm are bound by antibody. 
Below this value, clinical studies demonstrate that post- 
coital tests approximate fertile controls [105]. The loca- 
tion of antibody binding to sperm, or antibody “binding 
geography,’ may also differentially affect sperm func- 
tion. Whereas tail-directed sperm antibodies are more 
likely to impair motility and cause agglutination, 
sperm head-directed antibodies may preferentially 
affect zona binding and fertilization, as suggested by 
immobilization and penetration assays [1]. 

Antisperm antibody detection has evolved consid- 
erably since the first serum agglutination assays were 
used in the 1950s [106]. Contemporary assays employ 
various methodologies with differing sensitivities 
and clinical implications (Table 16.5) [106-115]. In 
choosing an ASA assay, three important character- 
istics should be considered: (1) the body compart- 
ment in which ASAs are being measured, (2) which 
antibody classes are detected, and (3) how sperm are 
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Table 16.5. Assays for the detection of antisperm antibodies 


Technique Compartment 

Gel agglutination test Serum 

Tray slide agglutination test Serum/sperm 

Sperm immobilization test Serum 

mmunofluorescence Processed sperm 
icrotray agglutination test Serum/sperm 
ixed agglutination reaction Sperm 

Radiolabeled antiglobulin test Sperm 

mmunobead test Sperm 

ELISA Fixed sperm 

Flow cytometry Sperm 


prepared for the assay. Although ASAs are detectable 
in both serum and seminal plasma, consensus is that 
antibodies bound to sperm within the semen are the 
most important. As a result, assays for sperm-bound 
antibodies are considered the most relevant. Moreover, 
since only IgG and IgA are found in significant quanti- 
ties within the reproductive tract, incorporating these 
antibody classes into the ASA assay is important [51]. 
Lastly, although historically sperm were processed prior 
to ASA testing, contemporary assays use fresh, motile 
sperm to ensure that only surface antigens, and not 
confounding internal antigens, are identified [116]. 

Currently, the most popular tests to identify ASA 
are the immunobead test (IBT) and the mixed agglu- 
tination reaction (MAR) [71]. The IBT identifies 
immunoglobulins on the sperm surface by directing 
bead-bound antibody to the Fc portion of the ASA. 
Based upon the pattern of immunobead binding, 
this assay determines the proportion of sperm in the 
sample that are antibody-bound, the class of antibody 
bound, and the location on sperm where the antibody 
is bound [49,71,100]. The MAR test uses similar prin- 
ciples of monoclonal antibody technology but employs 
sheep erythrocytes instead of immunobeads to detect 
and localize antibody-bound sperm. Unfortunately, by 
any current methodology, the lower limit of detection 
of sperm antibodies is not known, and thus the clin- 
ical relevance of these assays is limited. 


Tests of cell-mediated immunity 


Despite the idea that cell-mediated immunity plays a piv- 
otal rolein the pathology ofimmune infertility, few assays 
exist to quantify its role [1]. This reflects not only the 
complexity of the cellular immune system, but also our 
lack of understanding of the exact cellular components 


Method Reference 
Agglutination ibrick et al., 1952 [106] 
icroagglutination Franklin and Dukes, 1964 [107] 
mmobilization Fjallbrant etal., 1968 [108] 
Antibody fluorescence Hjort and Hansen, 1971 [109] 
icroagglutination Friberg, 1974 [110] 
Agglutination of erythrocytes Jager etal., 1978 [111] 
Radioimmune assay Haas etal., 1980 [112[ 
Agglutination of beads Bronson etal., 1981 [113] 
Colorimetry Zanchetta etal., 1982 [114] 
Antibody fluorescence Garner etal., 1986 [115] 


that mediate infertility. A leukocyte migration assay has 
been described for the detection of delayed hypersensi- 
tivity to sperm [117,118]. Isolated peripheral blood leu- 
kocytes from either partner are mixed with sperm, and 
leukocyte migration through the gel is assessed by video 
analysis. In mixtures where there is sperm-leukocyte 
reaction, leukocyte movement is inhibited. Early work 
with this assay examined antisperm reactivity in women 
[119]. In a subsequent evaluation of fertile and infertile 
men with abnormal semen analyses, the same investiga- 
tors found that all men with normal semen analyses had 
a normal assay result, whereas 53% of asthenospermic 
men (n = 32, < 50% motility) and 25% of men with oli- 
goasthenospermia (n = 24, < 20 million sperm/mLand< 
50% motility) had abnormal indices indicative ofa cellu- 
lar immune response to sperm [118]. More useful assays 
for the detection of cell-mediated immune infertility 
will undoubtedly arise as our understanding of autoim- 
munity improves. 


Treatment of immunologic infertility 
Condoms 


Condom use represents a simple means by which con- 
tinual inoculation of the female partner with sperm 
antigens is prevented. Although easy to use, with good 
supportive theory, no studies have demonstrated a 
decrease in ASA titers with condom use. More import- 
antly, there is no correlation between a history of rigor- 
ous condom use and increased pregnancy rates [1,119]. 


Systemic immunosuppression 

Similar to other autoimmune diseases, suppression of 
the immune system is a cornerstone of autoimmune 
infertility treatment. The most common pharmacologic 
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agents employed for immune suppression are cortico- 
steroids. Corticosteroids prevent the chemotaxis of 
inflammatory cells, impede cytokine release, decrease 
antibody production, and even weaken antigen-anti- 
body association [120]. Although the exact molecular 
mechanisms by which corticosteroids act is not fully 
understood, it is clear that they have a suppressive effect 
upon both the humoral and cellular arms of immunity. 

More than a dozen studies, performed over the 
last four decades, have investigated the effect of ster- 
oid treatment on in-vivo conception rates. The results 
of treatment appear encouraging, with natural preg- 
nancy rates ranging from 9% to 50% during treatment 
[1]. Unfortunately, the vast majority of studies do not 
have an appropriate nontreatment or placebo control 
group, and therefore the results are difficult to inter- 
pret. Importantly, two randomized controlled trials 
of steroid use as a treatment of immune infertility 
have been performed. The first was completed in 1987 
by Haas and Manganiello, who randomized 20 patients 
with presumed immune infertility to treatment with 
high-dose methylprednisolone for seven days, cyc- 
lically for three months, versus no treatment [121]. 
Although a 15% overall pregnancy rate was achieved, 
the authors failed to find a difference in semen parame- 
ters or pregnancy rates between groups, and concluded 
that high-dose steroids were not beneficial for this diag- 
nosis. In 1990, Hendry and colleagues randomized 43 
couples to treatment of twice-daily doses of prednisone 
20 mg, on days 1-10 of the menstrual cycle for a total of 
nine months followed by a washout period and cross- 
over [122]. The authors found that those men undergo- 
ing treatment were three times more likely to achieve 
conception than those receiving placebo (31% vs. 9%). 
While neither semen parameters nor serum antibody 
titers differed between treatment groups, titers of 
antibodies in the seminal fluid declined precipit- 
ously (often becoming undetectable) in the treatment 
group. The reasons for the disparity between these two 
studies are not entirely clear; one issue may be that 
the Haas and Manganiello study did not include suffi- 
cient follow-up (3 months) to adequately assess natural 
pregnancy rates. Overall, this suggests that long-term, 
moderate doses of steroids may be more benefi- 
cial in the reduction of ASA, and the achievement of 
pregnancy. 

Important clinical considerations in the use of ster- 
oids to treat autoimmune infertility are potential side 
effects. Mild side effects include acne, dyspepsia, skin 
rashes, fluid retention, and mood changes in approx- 
imately 60% of patients [122]. Unfortunately, there 


have been at least two reported cases of aseptic necro- 
sis of the hip [123,124]. Both occurred in patients 
on high-dose methylprednisolone; however, aseptic 
necrosis is generally considered an idiosyncratic reac- 
tion that is not dose-related. 

Thelast two decades have seena significant rise in the 
use of novel immunosuppressive agents in organ trans- 
plant recipients and patients with autoimmune disease. 
However, very few of these agents have been investi- 
gated as treatments for immune infertility. Cyclosporin, 
a member of the calcineurin family of immunosup- 
pressant agents, has been used for decades to prevent 
graft rejection in transplant recipients, through its 
inhibition of T-lymphocyte activity, humoral immu- 
nity, and cytokine production [125]. Bouloux et al. 
performeda pilot study ofnine men with immune infer- 
tility by treating with cyclosporine for nine months, but 
failed to show a significant decline in ASA titers [126]. 
Although one-third of subjects achieved pregnancy, 
there was no control group, making the results difficult 
to interpret. There is still hope, however, that newer, less 
toxic immunosuppressive agents will find a place in the 
treatment of immune infertility. 


Sperm washing 

Thegoalofsperm washing isto remove boundantibody. 
Several techniques have been described to remove ASA 
from seminal fluid as well as from sperm. However, the 
dissociation of tightly bound antibodies can be diffi- 
cult. While rapid dilutional washing of the seminal 
fluid may remove unbound antibodies, it has little 
impact upon those that are already bound [127,128]. 
Detergent-based washes may remove antibodies but 
can severely damage sperm [129]. Enzymatic clean- 
ing has been described using a protease specific to 
the Fc region of IgA [101]. Cleaning by this method 
reduces immunobead binding and increases cervical 
mucus penetration. However, because the protease is 
not active against a second isoform of IgA, not all anti- 
body is removed. Additionally, given the site of cleav- 
age on the antibody, portions of the antibody remain 
on sperm, thus negating the effects of the digestion. 
To be effective, all sperm washing techniques should 
be combined with intrauterine insemination (IUI), or 
with higher levels of assisted reproduction. 


Intrauterine insemination (IUI) 

One cause of immune-mediated infertility is the in- 
ability of opsonized sperm to adequately penetrate 
the cervical mucus [80]. The rationale for IUI in this 
situation is to place more sperm beyond the cervix in 


287 


288 


Chapter 16: Immunologic infertility 


the female reproductive tract, sperm that would have 
been caught in cervical mucus due to ASA [71,130]. 
Given that antibody-bound sperm may have a shorter 
survival time within the female genital tract, accurate 
estimation of ovulation could improve the success of 
this technique [131]. 

Unfortunately, there are no controlled, prospect- 
ive studies of IUI in treating immune infertility. 
However, retrospective case reviews suggest that IUI, 
combined with ovulatory stimulation, may be success- 
ful. Margalloth and colleagues implemented IUI in a 
cohort of couples with poor postcoital tests, and found 
pregnancy rates of 5%, 9.7%, and 14.3% per cycle with 
unstimulated, clomiphene citrate, and gonadotropin- 
stimulated IUI, respectively [132]. Additionally, these 
authors found decreased pregnancy rates in cases in 
which antibodies were directed to the sperm head, 
when compared to those directed to the tail. Other 
investigators have reported pregnancy rates rang- 
ing from 14% to 25% per cycle using washed sperm 
with IUI [133-135]. While encouraging, two of these 
series included data on only eight patients, while the 
third included only seven. Further, these studies used 
serum and not sperm-bound ASA to make a diagno- 
sis of immunologic infertility. Kremer and colleagues 
performed IUI in 15 patients with ASA, and achieved 
pregnancy in 20% per cycle [136]. However, Glazener 
and colleagues studied a cohort of 19 couples with ASA 
by immunobead testing and compared IUI pregnancy 
rates toa similar cohort without immune infertility and 
obtained no pregnancies in the ASA group, but a 26% 
pregnancy rate per cycle in the non-ASA group [137]. 
In a larger retrospective review, Agarwal performed 
IUI in 45 couples in which the male partner demon- 
strated ASA [138]. Thirty-three percent of these cou- 
ples achieved pregnancy with IUI, compared to 19% 
of couples undergoing IUI for other reasons. In sum- 
mary, although case-series studies suggest a benefit of 
IUI for ASA, the lack of randomized controlled trials 
investigating this issue makes it difficult to draw hard 
conclusions about the role of IUI in immune infer- 
tility. Given this, IUI is best suited for treatment of 
infertility when there is evidence of a cervical mucus 
problem, whether it is due to antibodies or not, as 
demonstrated by the inability of sperm to penetrate the 
cervical mucus. 


In-vitro fertilization 


In-vitro fertilization (IVF) refers to the co-incubation 
of harvested ova and processed sperm followed by 


fertilization within the laboratory and subsequent 
transfer of embryos to the uterus. Relatively low num- 
bers of sperm (100 000/oocyte) are required for suc- 
cessful IVF in cases of female-factor infertility, thus 
making it useful for male-factor infertility as well. 
When IVF is used to treat immune infertility, the fer- 
tilization and pregnancy rates are lower than those 
observed for other indications, with overall preg- 
nancy rates ranging from 14% to 35% per cycle [1]. 
The impact of ASA type and degree of sperm binding 
on IVF success has been investigated. Clarke and col- 
leagues performed IVF in 17 cases of immune infertil- 
ity, and divided them into two cohorts: (1) men with 
both IgA and IgG bound to >80% of sperm (immunob- 
ead assay), and (2) men with <80% of sperm bound by 
IgA only [139]. In the former group, fertilization and 
pregnancy were achieved in only 27% and 0% per cycle, 
respectively. In the latter group, with less antibody bur- 
den, fertilization and pregnancy rates were 72% and 
67% per cycle, respectively. These results clearly sug- 
gest that extensive binding by both isotypes of ASA 
impede IVF success. Confirming these findings, Junk 
and colleagues, in a small series of patients, observed a 
mean normal fertilization rate of 30% in cases of IgA- 
and IgG-bound sperm (immunobead assay), compared 
to 79% in cases in which sperm were bound by either 
but not both antibody classes [140]. More recently, 
Lahteenmaki et al assessed the efficacy of treating men 
with immunologic infertility with low-dose prednis- 
one prior to IVF [141]. Fifty-three men, assessed with 
the mixed agglutination reaction assay, were grouped 
into placebo or prednisone arms. They found no sig- 
nificant differences in either fertilization rates (35% 
vs. 39% in treatment and placebo groups, respectively) 
or pregnancy rates (29% vs. 35%). In cases of female- 
derived ASA, IVF offers fertilization and pregnancy 
rates comparable to those associated with other diag- 
noses for which IVF is indicated [142-145]. 


IVF-ICSI 


In cases in which immune infertility is not overcome 
by IVF intracytoplasmic sperm injection (ICSI) may 
be used. With this technique, individual sperm are 
aspirated into a microscopic pipette after mechan- 
ical immobilization by crushing the sperm tail. The 
sperm are injected directly through the zona pellu- 
cida covering the unfertilized oocyte, through the 
perivitelline space that separates the oocyte from the 
zona pellucida, and directly into the egg cytoplasm. 
With ICSI, the numerical sperm requirement for egg 
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fertilization is as low as one viable sperm for each 
retrieved oocyte [140]. ICSI reliably allows viable 
sperm with limited intrinsic fertilizing capacity, 
including “immature” sperm obtained surgically, to 
fertilize eggs. While it has been used to overcome many 
forms of severe male-factor infertility, ICSI also has the 
potential to overcome antibody-mediated infertility by 
bypassing the interaction between sperm and the zona 
pellucida and oocyte membrane [146]. Lahteenmaki et 
al. retrospectively compared IVF and ICSI fertilization 
rates among several groups of patients: 22 couples who 
had ICSI for (MAR-positive) antisperm antibodies, 
20 couples who used ICSI for other reasons (MAR- 
negative), and 37 MAR-positive couples who had IVF 
alone [141]. Normal fertilization rates were similar 
between MAR-positive and MAR-negative couples 
with ICSI (79% vs. 68%), but were significantly greater 
in ICSI than in IVF alone in MAR-positive couples 
(79% vs. 44%). Similarly high ICSI fertilization rates in 
ASA cases have been obtained by other investigators 
[147]. Interestingly, these studies have also observed 
that embryo quality is poorer in ASA-positive than 
in ASA-negative ICSI cases, suggesting that ASA may 
affect post-fertilization events. Despite this appar- 
ent relationship between ASA presence and fertiliza- 
tion, the positive predictive value for pre-procedure 
ASA tests to predict low fertilization rates ( 50%) is 
only 25% [148]. 


Summary 


Immunologic infertility is caused by an abnormal 
immune response to sperm. Both the humoral and cel- 
lular arms of theimmune system play a causal role in this 
form of autoimmunity. Despite three decades of impres- 
sive advances in our understanding of the immune sys- 
tem, the immunopathology leading to infertility is still 
poorly understood. Contributing to this problem are 
a lack of properly controlled experiments, the use of 
many, heterogeneous assays to diagnose immune infer- 
tility, and the need to oversimplify a complex immuno- 
logic network for clinical purposes. Although certain 
clinical conditions and semen analysis parameters are 
suggestive of autoimmune infertility, they are by no 
means pathognomic. For this reason, clinicians should 
keep in mind other potential causes of male infertility in 
addition to autoimmune infertility. Given the advances 
in our understanding of the immune system and in the 
treatment of organ transplant patients, the promise is 
great for new diagnostic tools and novel treatments for 
immune infertility in the future. 
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male infertility 


Introduction 


Infection and inflammation of the male reproductive 
tract are complex clinical conditions that can nega- 
tively affect reproductive potential. In this chapter, 
we discuss sites of genitourinary tract infections, infec- 
tious organisms, the numerous ways in which leuko- 
cytes may impair male reproduction, and the diagnosis 
and treatment of leukocytospermia and bacteriosper- 
mia. For the purpose of this chapter, leukocytospermia 
refers to the World Health Organization threshold of = 
1 x 10° white blood cells/mL in the semen. 


Genital tract infections 


The male genital tract proximal to the urethra is typi- 
cally sterile, and several components of the male repro- 
ductive system are immunologically sequestered [1,2]. 
Without a fully competent immune response, the 
genital tract may be prone to infections. These infec- 
tions may be either bacterial or viral, and manifest in 
acute, chronic, or subclinical processes. Infections 
of the male genitourinary (GU) tract can adversely 
impact male fertility by impairing spermatogenesis, 
disrupting sperm function, causing obstruction of 
the genital ductal system, inhibiting accessory gland 
function, or causing inflammation secondary to leu- 
kocyte response [1,3]. 

Acute infections of the genital tract are indicated by 
patient history and can present with irritative voiding 
symptoms, urethral discharge, orchialgia, or painful 
ejaculation. Traditional diagnostic criteria consist of 
two or more of the following parameters: (1) history 
of GU infection and/or abnormal rectal examination, 
(2) abnormal expressed prostatic secretions and/or 
urinary sediment after prostatic massage, (3) = 10° 
bacteria/mL ejaculate, or (4) = 10° leukocytes/mL 
ejaculate [4]. 


The effect of genital tract 
infection and inflammation on 
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Subclinical infections are more difficult to recog- 
nize and diagnose than acute infections. This is true 
not only because patients are largely asymptomatic, 
but also because some of these infections may actually 
represent contamination from commensal, nonpatho- 
genic organisms. Additionally, due to antibacterial 
effects of semen, there are limitations in culturing all 
potential pathogenic organisms [1,5]. Several investi- 
gators have demonstrated that bacterial isolates from 
semen of men in subfertile couples are often commen- 
sal, nonpathogenic organisms. Furthermore, these 
isolates often do not correlate with leukocytospermia 
(WHO) or pregnancy rates [6,7]. 


Sites of infection 


Urethritis 

Infections of the urethra are most commonly due to 
sexually transmitted pathogens, and they are sep- 
arated into two broad categories: gonococcal urethri- 
tis (due to Neisseria gonorrhoeae) and nongonococcal 
urethritis (Chlamydia trachomatis, Mycoplasma 
species, Trichomonas vaginalis) (Fig. 17.1). Patients 
with urethritis typically present with urethral dis- 
charge and dysuria. However, asymptomatic carrier 
states may occur, especially in partners of those with 
known infections. The proper diagnostic workup of 
suspected urethritis includes: (1) Gram stains of a ure- 
thral smear, (2) leukocyte quantification of a first-void 
urine sample, and (3) specific isolation techniques such 
as endourethral culture, PCR, or ELISA [8]. Based on 
these modalities, a urethral Gram stain containing > 4 
leukocytes per microscopic field (x1000) or a first- 
void urine sample smear containing > 15 leukocytes 
per microscopic field (x400) is regarded as a positive 
result [9,10]. Consideration should be given to empiric 
treatment for both gonococcal and nongonococcal 
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PROSTATITIS 


Escherichia coli 

Klebsiella spp. 

Proteus spp. 
Pseudomonas aeruginosa 
Enterococcus spp. 


EPIDIDYMITIS 
Neisseria gonorrhoeae 
Chlamydia trachomatis 
Escherichia coli 


URETHRITIS 
Neisseria gonorrhoeae 
Chlamydia trachomatis 
Mycoplasma 
Trichomonas vaginalis 


ORCHITIS 


Mumps 

Coxsackie B 

Neisseria gonorrhoeae 
Chlamydia trachomatis 
Escherichia coli 

Klebsiella spp. 
Pseudomonas aeruginosa 
Staphylococcus spp. 
Streptococcus spp. 


Fig. 17.1. Sites of infection and common pathogens in the male genitourinary tract. 


organisms when a diagnosis of urethritis is suspected, 
as co-infection is common and the responsible patho- 
gens are often unknown at the time of initial evalua- 
tion. Typically, a one-time dose of ceftriaxone and a 
week of doxycycline therapy are recommended [11] or 
one 2 g dose of azithromycin. 


Prostatitis 

Drach etal. described the first widely used classification 
system for prostatitis. Briefly, the authors presented 
four classes based on localization techniques and clin- 
icalcorrelates: acute bacterial prostatitis (ABP), chronic 
bacterial prostatitis (CBP), nonbacterial prostatitis 
(NBP), and prostatodynia (Pd) [12]. This classification 
is no longer commonly employed, and the National 
Institutes of Health (NIH) system is now preferred. The 
NIH system categorizes prostatitis into four main 
divisions: type I - acute bacterial, type II - chronic 
bacterial, type III - chronic (abacterial) prostatitis/ 
chronic pelvic pain syndrome (CP/CPPS), and type 
IV - asymptomatic inflammatory [13]. Type I pros- 
tatitis is generally the result of ascending urinary tract 
infection (UTI) of typical uropathogenic organisms. 


Patients usually present with constitutional symptoms, 
perineal or prostatic pain, and voiding complaints [14]. 
Complications include prostatic abscess, especially in 
immunocompromised patients and diabetics. A long- 
term course of antibiotics for 2-3 weeks is the mainstay 
of treatment for uncomplicated cases. Type II prosta- 
titis is defined as prostatic inflammation and recur- 
rent UTI with a bacterial pathogen localized to the 
prostate. Common pathogens include E. coli and other 
UTI-causing Gram-negative organisms (Klebsiella 
spp., Proteus spp., P. aeruginosa, Enterococcus spp.) [15] 
(Fig. 17.1). Unlike type I prostatitis, type II prostatitis 
is typically not associated with fever. However, both 
type I and type II prostatitis are often alleviated with 
antibiotics. Treatment requires extended therapy (as 
long as 6-12 weeks) with antibiotics that are lipophilic, 
thus able to penetrate the prostate. Trimethoprim- 
sulfamethoxazole and fluoroquinolones [15] are exam- 
ples of antibiotics usually effective in this setting. Care 
must be taken in administering prolonged courses 
of fluoroquinolones, because of the increased risk of 
associated tendonitis and tendon rupture [16]. Type III 
prostatitis or CP/CPPS is a complex entity consisting 
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of prostatic pain and voiding difficulties, with 90% of 
symptomatic prostatitis patients grouped into this cat- 
egory [13]. Type III prostatitis is further divided into 
type IIIA and type IIIB. Type IIIA, or inflammatory 
type, presents with leukocytosis on expressed pros- 
tatic secretions (EPS) or post-prostatic massage uri- 
nalysis. Type IIIB, or noninflammatory, is also known 
as Pd. Interestingly, Nickels et al. demonstrated that a 
12-week course of antimicrobial therapy does allevi- 
ate symptoms in CP/CPPS [17], despite the absence of 
documented bacterial infection that defines this condi- 
tion. Lastly, type IV prostatitis is an incidental finding 
on prostate biopsy or expressed prostatic secretions. 
The effect of prostatitis on male fertility will be dis- 
cussed later in this chapter. 

Epididymitis 

Epididymitis is one ofthe most common causes of acute 
scrotum, presenting with ipsilateral scrotal swelling 
and pain. Systemic symptoms such as fever and leuko- 
cytosis are seen in 30-50% of patients [18]. The organ- 
ism responsible for the infection typically is dependent 
on patient demographics. Sexually active men under 
the age of 35 are often infected with C. trachomatis 
or N. gonorrhoeae, with accompanying symptoms 
of urethritis (Fig. 17.1). In many patients, exposure 
to the organism may have occurred several months 
before presentation [10]. Chlamydia accounts for two- 
thirds of the total cases of urethritis in these men and 
is two to three times more common than gonorrhea 
[19]. Similar to urethritis, co-infection is not uncom- 
mon in epididymitis, occurring in approximately 30% 
of cases [19]. For men over 35 years of age, men with 
recent urinary tract instrumentation or surgery, or 
men with anatomical abnormalities, E. coli is often 
the etiological organism causing epididymitis [10]. 
Treatment of epididymitis should be pathogen-spe- 
cific, with consideration given to patient demographics 
during initial evaluation. 

In the case of acute epididymitis, several authors 
have observed that both sperm concentration and 
forward motility are transiently impaired [20,21]. 
However, with appropriate antibiotic treatment, 
decreased semen parameters and impaired sperm 
function often normalize [21]. 


Orchitis 

Viruses represent a significant reproductive tract 
pathogen, capable of causing testicular inflamma- 
tion and infection. These infections typically arise via 
hematogenous routes rather than by contiguous spread 


(Fig. 17.1). Paramyxovirus, which causes mumps, 
is one viral agent capable of inducing significant GU 
pathology. Mumps infrequently involves the testi- 
cles in prepubertal boys, though orchitis occurs in 
approximately 20% of affected postpubertal males 
[22]. Testicular pain and enlargement typically occur 
4-6 days after the onset of parotitis, but testicular 
involvement is subclinical in 30-40% of cases. Orchitis 
is bilateral in approximately 30% of affected patients. 
Historical data reveal associated infertility rates of 25% 
in bilateral disease, but this problem is uncommon 
today due to the advent of the mumps vaccine [22,23]. 
Testicular atrophy is observed in 30-50% of patients 
with mumps orchitis, and infertility may be an associ- 
ated long-term consequence [19]. Like paramyxovirus, 
coxsackie B virus may also result in viral orchitis simi- 
lar to mumps [22]. 

Bacterial orchitis, unlike viral orchitis, often results 
from contiguous spread of infection from the epididy- 
mis.Common pathogensincludeN. gonorrhoeae/C. tra- 
chomatis, Gram-negative bacilli (E. coli, K. pneumoniae, 
P aeruginosa), and Gram-positive cocci (staphylococci 
and streptococci) (Fig. 17.1). Patients may present with 
fever, testicular pain and swelling, and often an acute, 
reactive hydrocele [22]. Medical management is simi- 
lar to that administered in the case of epididymitis, as 
treatment is pathogen-specific with consideration to 
the given patient demographic. Surgical intervention 
is indicated for testicular infarction or abscess [22]. 


Specific bacterial infections of the male 
genital tract 


Neisseria gonorrhoeae 

N. gonorrhoeae is a common cause of urethritis in 
America [24]. Although most affected males are symp- 
tomatic, as many as 10% of men with N. gonorrhoeae 
urethritis are asymptomatic [25]. Ascending infec- 
tions in men involving genitourinary tract structures 
other than the urethra are rare (estimated at less than 
1%), but when epididymitis or orchitis does occur, 
testicular damage or excurrent ductal obstruction 
can result. In a study of 184 men seen at an infertility 
clinic, patients with a prior remote history of N. gonor- 
rhoeae had significantly more seminal leukocytes than 
those without such a history (2 x 10°/mL vs. 0.5 x 10°, 
P < 0.0013) [26]. 


Chlamydia trachomatis 
C. trachomatis is the most common cause of non- 
gonococcal urethritis and acute epididymitis in men 
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of reproductive age, and is also the most common 
sexually transmitted disease in industrial nations 
[27]. Ten to twenty-five percent of infected men may be 
asymptomatic with chronic, subclinical disease [28]. 
Infertility may arise because C. trachomatis is an obli- 
gate intracellular organism capable of causing a variety 
of pathological changes including epididymitis, orchi- 
tis, testicular atrophy, genital ductal obstruction, ger- 
minal epithelial cell damage, and blood-testis barrier 
breakdown leading to antisperm antibody production 
[1,29]. This bacterium exists in two forms - the reticu- 
late body (RB) and the elementary body (EB). As an RB, 
C. trachomatis actively replicates in host cells, while the 
inactive EB serves as an extracellular agent of transmis- 
sion. Immunologic laboratory techniques for diagno- 
sis are targeted against EB antigens [1]. Hosseinzadeh 
et al. demonstrated that EBs cause increased tyrosine 
phosphorylation of sperm proteins, possibly impairing 
sperm capacitation and function [30]. Interestingly, 
subsequent data revealed that co-incubation of human 
spermatozoa and C. trachomatis EBs causes decreased 
motility and increased premature sperm death [31]. 
The spermicidal effects of EBs are mediated specifically 
by lipopolysaccharide (LPS), ultimately resulting in 
apoptosis [32,33]. In sum, EBs represent an important 
mediator of C. trachomatis-induced pathophysiology. 
The relationship between C. trachomatis infec- 
tion and semen quality is an actively debated topic 
(Table 17.1) [34-49]. Multiple studies have demon- 
strated a detrimental impact on semen parameters 
[34-36] and stimulation of antisperm antibody (ASA) 
production [37,38]. However, other investigators 
have found no relationship between chlamydial infec- 
tions and semen parameters, ASA production, sperm 
penetration, or leukocytospermia [39,40-47]. Several 
authors suggest these discrepancies may be explained 
by the lack of uniformity and reliability in the diagnos- 
tic methods employed in these various studies, i.e., cul- 
tures (ejaculates and urethral swabs), enzyme-linked 
immunoassays to chlamydial antigens, and serum and 
semen antibodies [29,49]. Efforts to diagnose chla- 
mydial infections are further hampered by the fact 
that seminal plasma inhibits cell culture techniques 
[50] and the host antibody response is not specific to 
C. trachomatis [51]. More recently, molecular amp- 
lification techniques consisting of polymerase chain 
reaction (PCR) and ligase chain reaction (LCR) have 
come to represent the tests of choice for diagnosing 
chlamydial infections [52]. Eggert-Kruse et al. dem- 
onstrated no effect on semen parameters in men from 


infertile couples diagnosed with chlamydia using LCR 
compared to normal controls [48]. In a study of men 
undergoing an infertility evaluation, Hosseinzadeh 
et al. also noted that semen presenting as PCR-positive 
for chlamydia was not associated with impairment of 
sperm motility [49]. However, the authors did report 
a twofold increased incidence of leukocytospermia in 
PCR positive semen samples. 


Mycoplasma 

Four species of mycoplasma exist, two of which are 
pathogenic in human beings: Mycoplasma hom- 
inis and Ureaplasma urealyticum. U. urealyticum is 
a significant cause of urethritis, and is believed to be 
responsible for up to 25% of nongonococcal urethri- 
tis [1,5]. Similar to other bacterial causes of urethritis, 
mycoplasma infections may present acutely or remain 
subclinical, and the actual impact of U. urealyti- 
cum and M. hominis on male fertility is controversial 
(Tables 17.2, 17.3) [53-67]. 

Gnarpe and Friberg initially demonstrated that, 
although U. urealyticum is present in both fertile and 
infertile couples, it is more prevalent in the latter 
[53]. Furthermore, Swenson et al. found that infer- 
tile males with U. urealyticum infections had signifi- 
cantly improved sperm motility following treatment 
[66]. Additionally, Toth et al. demonstrated that cou- 
ples in whom the male’s U. urealyticum infection was 
cleared with doxycycline experienced significantly 
higher pregnancy rates than couples with persistent 
male infection [67]. However, sperm count and overall 
semen quality were not significantly different between 
the two groups. 

Other authors have noted that men with U. urea- 
lyticum infections have reduced sperm count with 
reduced concentration, motility, and morphology [54- 
56]. Rose and Scott demonstrated that semen samples 
with mycoplasma (U. urealyticum and M. hominis) 
had decreased motility, morphology, hyperactivation, 
and acrosome reactivity when compared with controls 
[68]. A more recent in-vitro study also noted decreased 
motility and increased membrane alterations on the 
basis of the hypo-osmotic swelling test [69]. Lastly, 
Reichart et al. demonstrated that U. urealyticum is 
associated with increased sperm chromatin and DNA 
damage on the basis of both in-vitro studies (semen 
from normospermic men inoculated with U. urealyti- 
cum) and in-vivo studies (semen culture positive for 
U. urealyticum) [70]. The authors hypothesized that 
these changes may ultimately affect embryogenesis. In 
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Table 17.1. Studies investigating chlamydial infections in asymptomatic males attending infertility clinics 


Reference 


n 


Detection method 


Studies supporting a role for chlamydia 


Custo, 1989 [34] 


Wolff, 1991 [35] 


Cengiz, 1997 [36] 


Witkin, 1995 [37] 


Munoz, 1995 [38] 


1023 


209 
prevalence 
analysis 
331 semen 
Analysis 


284 


227 


48 


EIA 


EIA for seminal 
antibodies 


EIA for seminal 
antibodies 


EIA for seminal and 
serum IgA and IgG 
antibodies 


EIA for seminal and 
serum IgA and IgG 
antibodies 


Studies refuting a role for chlamydia 


Close, 1987 [39] 


Nagy, 1989 [40] 


Rujis, 1990 [41] 


Soffer, 1990 [42] 


Bjercke, 1992 [43] 


Dieterle, 1995 [44] 


Eggert-Kruse, 
1996 [45] 


270 


184 


184 


175 


100 


50 


197 


Micro-IF of serum 


cCoy culture with 
Lugol stain 


Direct IF of urethral 
smear, serum and 
seminal antibody 
iters 


cCoy culture and 
odine stain 


EIA for seminal and 
serum IgA and serum 
IgG 


C. trachomatis PCR 
and direct DNA 
probing 


EIA of semen (both 
IgA and IgG) 


Prevalence 


9% 


15.4% 


12.6% 


IgA 24.7% 
(semen), 
14.5% (serum) 
IgG 10.9% 
(semen), 
21.5% (serum) 


IgA 29.2% 
(semen) IgG 
8.3% (semen) 


5.9% 


14.1% 


Smears 2.8% 


7% 


IgA 24% 
(semen) 
serum IgA/IgG 
not reported 


10% 


IgA 18.8% IgG 
8.1% 


Findings 


Men with C. trachomatis infection had a significantly 
higher incidence of abnormal “semen scores’ than 
healthy controls + symptomatic men infected with 
common pathogens + symptomatic men without 
infection 


Reduced ejaculate volume and progressive sperm 
motility in C. trachomatis antibody-positive patients 
with higher seminal inflammation (> 250 ng PMN 
elastase/mL) than those with lower inflammation 
(< 250 ng PMN elastase/mL) 


Significant differences in density, morphology, 
motility, and viability between antibody-positive and 
antibody-negative patients 


Men with antichlamydial IgA in their semen had a 
lower median sperm count than those without ASA 
strongly correlated to antichlamydial IgA in semen 


Men with seminal antichlyamdial IgA had elevated 
seminal concentrations of specific T-cell population 
than men without 

No differences in semen parameters in patients with 
antichlamydial antibodies (IgA and/or IgG) than men 
without 


o difference in sperm count, motility, forward 
progress, % ovals, number of leukocytes, SPA, or serum 
ASA between patients seropostive and seronegative 
or C. trachomatis 


o difference in cell count, motility, morphology, 
bovine mucus penetration, and HOS in infected and 
noninfected groups 


o association between chlamydial antibody titers 
and sperm count, motility, morphology, leukocytes, 
MAR, SCMC results 


No differences in mean motility index, total sperm 
count, normal form percentage between infected and 
noninfected groups 

Seminal ASA activity was elevated in cases of positive 
culture (both C. trachomatis and mycoplasma) 


No difference in sperm concentration, total sperm 
count, motility (several parameters), and morphology 


No association between the detection of C. 
trachomatis (PCR or DNA probing) and chlamydial 
antibodies in serum or semen 

No association between chlamydial antibodies in 
serum or semen and mean sperm concentration, 
progressive motility, morphology, and serum ASA 


No association between seminal chlamydial 
antibodies and sperm count, motility, morphology, 
viability, MAR, SCMPT, and PCT 
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Table 17.1. continued 


Reference 


Eggert-Kruse, 
1997 [46] 


Habermann, 1999 
47] 


Eggert-Kruse, 
2003 [48] 


Hosseinzadeh, 
2004 [49] 


207 


707 


642 


Detection method 


ndirect 


assay (IFA) 


EIA of semen 


LCR of semen and 
urine samples 


LCR/PCR of semen 
samples 


immunofluorescence 


Prevalence 
12.6% 


IgA 18.8% IgG 
15.5% 


1.8% 


49% 


Findings 


No association between seminal chlamydial 
antibodies and sperm count, motility, morphology, 
MAR, SCMPT, and PCT 


No difference in sperm parameters, leukocytes, 
and MAR in patients with and without chlamydial 
antibodies 


No association between chlamydial infection by LCR 
and sperm count, motility, morphology, viability, MAR, 
and SCMPT 


Men whose ejaculates were PCR-positive for 
chlamydial DNA had a higher mean concentration 
of leukocytes and twice the prevalence of 
leukocytospermia compared with those whose 
ejaculates were PCR-negative No difference in 
sperm concentration, % motile sperm, or % normal 
morphology in men PCR-positive and men PCR- 
negative for chlamydia 


ASA, antisperm antibody; DNA, deoxyribonucleic acid; EIA, enzyme immunoassay; HOS, hypo-osmotic swelling; IF, 
immunofluorescence; lg, immunoglobulin (IgG typically found in serum, IgA typically found in secretions); LCR, ligase chain reaction; 
MAR, mixed agglutination reaction; PCR, polymerized chain reaction; PCT, postcoital testing; PMN, polymorphonuclear leukocyte; 


SCMC, sperm-cervical mucus contact; SCMP, sperm cervical mucus penetration test. 


Table 17.2. Studies investigating mycoplasma infections in males attending infertility clinics 


Reference 


n 


Detection 
method 


Studies supporting a role for mycoplasma 


Gnarpe, 1972 [53] 


Fowlkes, 1975 
[54] 


Upadhyaya, 1984 
55] 


aessens, 1986 
56 


alugdan, 1996 


Sy 


De Louvois, 1974 
58 


A: 36 infertile 
couples B: 19 
infertile couples 


625 male partners 


Culture? 


Culture 


of infertile couples 


with > 10°/mL 
semen 


280 attending a 
fertility clinic 


120 men 
attending an 
infertility clinic 


34 males 


120 infertile 
couples 


Culture 


Culture 


PCR-ELISA 


Studies refuting a role for mycoplasma 


Culture 


Prevalence 


Patient groups 
A: 85% 

B: 95% Controls 
C:23% 

D: 26% 


39% 


50% 


33% 


294% 


M. hominis Fertile 
13.2% 

Infertile 14.7% U. 
urealyticum 
Fertile 52.6% 
Infertile 57.2 


Findings 


UU was isolated in higher frequencies in the couples 
with infertility (A: primary infertility; B: ASA detected 
in female partners) than in the two control groups 
(C: pregnant women; D: men married to pregnant 
women) 


Patients with UU infections had changes in their 
distribution curves toward lower total sperm counts 
and lower motility than infertile patients free of UU 
infections 
Patients with UU infections had a significant increase 
in the aberrant sperm forms compared with infertile 
patients free of UU infections 


Patient with UU infections had significantly lower 
sperm concentrations 

UU infection did not affect sperm motility, viability, 
or morphology 


solation of UU was significantly correlated with 
ower sperm counts and abnormal motility, but was 
not correlated with sperm morphology 


Mycoplasma-positive sperm? demonstrated 
decreased oocyte penetration capacity compared 
with mycoplasma-negative sperm 


Mycoplasma was not more prevalent in infertile 
versus fertile couples 
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Table 17.2. continued 


Reference n 


Harrison, 1975 120 infertile 

[59] couples; 27 
couples conceived 
during the 1 year 
of study 


150 infertile 
couples 


Desai, 1980 [60] 


Cintron, 1981 96 male partners 
[61] of infertile couples 


Lewis, 1981 [62] 31 men attending 


an infertility clinic 


Shalhoub, 1986 76 male partners 

[63] of infertile couples 
and 22 fertile 
controls 


de Jong, 1990 569 infertile men 


[64] 75 fertile controls 
Ombelet, 1997 143 infertile 
[65] couples 


144 fertile couples 


Detection Prevalence 

method 

Culture M. hominis 
Conception(+): 18% 
Conception(-): 18% 
U. urealyticum 
Conception(+): 63% 
Conception(-): 56% 

Culture Couples: 46% 
Men: 32.6% 

Culture 45% 

Culture 58% 

Culture Fertile: 27% 
Infertile: 21% 

Culture Fertile: 5.3% 
Infertile: 7% 

Culture M. hominis 


Fertile: 1.4% 
Infertile 2.9% U. 
urealyticum 
Fertile: 7.6% 
Infertile: 12.5% 


Findings 


Mycoplasma was not more prevalent in infertile 
couples who conceived versus those who did not 
conceive 


o Statistical difference in sperm count, motility, and 
morphology between infertile patients with and 
without UU infections 


o Statistical difference in sperm count, motility, and 
morphology between infertile patients with and 
without UU infections 


o statistical difference in the distribution o 
normal”and“abnormal”semen analyses between 


infertile patients with and without UU infections 


u 


o statistical difference in sperm count, motility, 
morphology, BCMP and SPA between infertile 
patients with and without UU infections 


UU was not more prevalent in infertile versus fertile 
couples 

o statistical difference in sperm count, motility, 
and morphology between infertile men with and 
without UU 


o further investigations of mycoplasma infection 
were performed 


ASA, antisperm antibodies; BCMP, Bovine cervical mucous penetration; ELISA, enzyme-linked immunosorbent assay; PCR, 


polymerized chain reaction; SPA, hamster sperm penetration assay; UU, U. urealyticum. 


a Various semen culture methods were employed by the different studies. 
© Processed by the 48 hr TEST (TES and Tris) yolk buffer method. 


Table 17.3. Studies investigating treatment of mycoplasma infections in males attending infertility clinics 


Reference n Detection 
method 

Swenson, 73 men with Culture 
1979 [66] infection 

attending an 

infertility clinic 
Toth, 1983 161 men with Culture 
[67] infection 

attending an 

infertility clinic 
Harrison, 1975 88 couples with Culture 


[59] primary infertility 


UU, U. urealyticum. 


Treatment course 


Both partners: tetracycline 
250mg QID or doxycycline 
100mg BID for 30 days 


Both partners: doxycycline 
100mg BID for 28 days 


30 couples: doxycycline 
100mg BID 

28 couples: placebo 

30 couples: no intervention 
(28 days for all) 


Findings 


The 64 patients successfully treated for UU hada 
significant improvement in sperm motility (speed 
of forward progression and % motility) 

n the 64 patients successfully treated for UU, the 
median percentage of motile cells increased from 
35% to 50% following treatment 


n couples treated for UU infection, eradication 
of UU in the male partner resulted in significantly 
more pregnancies than in couples whose male 
partner did not clear the infection (60% vs. 5%) 


n couples treated for mycoplasma infection, 
doxycycline therapy was shown to clear 
infection (96% eradication rate) but did not affect 
conception rates in those treated versus controls 
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sum, mycoplasma may lead to infertility by impairing 
sperm function and genetic integrity. 

Several authors have examined the pathological 
interaction between mycoplasma and sperm. Gnarpe 
and Friberg observed that U. urealyticum attached dir- 
ectly to spermatozoa. This finding has been confirmed 
by others using electron micrography, noting specific 
attachment to the sperm head and midpiece regions 
[69,71,72]. As a result of this direct interaction, sperm 
motility may be impaired. Furthermore, Busolo and 
Zanchetta observed decreased hamster egg penetration 
in vitro (using viable sperm cultured with U. urealyti- 
cum) [73]. Kalugdan et al. corroborated these results by 
comparing penetration of zona-free hamster oocytes 
using “mycoplasma-positive sperm” and “mycoplas- 
ma-negative sperm.” Mycoplasma positivity or nega- 
tivity was determined by extracting sperm DNA from 
washed semen samples and assaying for mycoplasma 
DNA using PCR [57]. These last two studies suggest 
that direct attachment of mycoplasma to sperm may 
impair sperm penetration of eggs. Interestingly, Potts 
et al. demonstrated that semen samples from men pre- 
senting for a chronic prostatitis evaluation who were 
culture-positive for U. urealyticum had significantly 
elevated reactive oxygen species (ROS) compared 
with those who were culture-negative [74]. Therefore, 
ROS may also lead to damaged sperm membranes and 
DNA, providing additional mechanisms for fertility 
impairment. 

In contrast to the above findings, de Louvois et al. 
did not observe an increased incidence of U. urealyti- 
cum or M. hominis in infertile versus fertile couples 
[58]. Harrison et al. noted that in 120 couples present- 
ing for infertility evaluation, infection with U. urealyti- 
cum or M. hominis did not affect the rate of conception 
during 12 months of follow-up [59]. Additionally, in a 
subgroup of 88 patients with primary infertility, doxy- 
cycline therapy was shown to clear infection but did 
not affect conception rates. More recently, de Jong et 
al. and Ombelet et al. noted no difference between the 
frequency of U. urealyticum in the semen of infertile 
and fertile men [64,65]. Furthermore, several studies 
demonstrated no statistical difference in sperm count, 
motility, or morphology when infertile patients with 
and without U. urealyticum infections were compared 
[60-62]. These results were corroborated by Shalhoub 
et al., who found no significant differences in semen 
parameters, mucus penetration, or oocyte penetration 
between semen samples with and without U. urealyti- 
cum [63]. Although the impact of mycoplasma on 


male-factor fertility is controversial, several stud- 
ies suggest that the adverse effects on sperm func- 
tion arise from ROS production, DNA damage, and 
direct attachment of mycoplasma to spermatozoa. 
Therefore, treating patients with an appropriate 
course of antimicrobial therapy such as doxycy- 
cline should be considered, as doxycycline eradicates 
infection in the majority of cases [58,59,64,67]. 

In regard to in-vitro fertilization (IVF), current 
data suggest that adverse outcomes (decreased preg- 
nancy rates) associated with U. urealyticum infection in 
couples are secondary to endometritis associated with 
U. urealyticum infection [75,76]. As a result, treatment 
of male partners with U. urealyticum infection prior to 
IVF is still recommended [77]. 

The methods employed to detect U. urealyticum 
have evolved over time. Classically, genital tract sam- 
ples were inoculated in broth with an indicator sys- 
tem utilizing the presence of urease in U. urealyticum. 
As urea is metabolized into ammonia and ultimately 
ammonium, the pH of the medium is increased, result- 
ing in a color change of the indicator system. This color 
change corresponds to adequate bacterial replication. 
At this point, the broth is subcultured on selective solid 
media for final identification. In recent years, PCR tech- 
niques (targeted to the urease gene) have offered faster 
alternatives to culture for the diagnosis of mycoplasma. 
Blanchard et al. reported a 97.3% sensitivity and a 72% 
specificity of PCR compared to culture (considered the 
“gold standard”) in 250 genital swabs from 181 male 
and female patients [78]. Furthermore, Teng et al. 
reported a higher sensitivity for U. urealyticum detec- 
tion with PCR (semen, urine, urethral swabs, or pros- 
tatic secretions) than culture in males with urethritis 
or infertility [79]. However, Povlsen et al. reported only 
a 64% sensitivity and a 99% specificity for U. urealyti- 
cum detection with PCR compared to culture in male 
urogenital swabs [80]. Of note, Blanchard states that 
patient samples may contain substances that inhibit 
PCR, as suggested by increased PCR sensitivity with 
dilution of specimens. This finding may account for the 
decreased sensitivity of PCR versus culture. Further 
studies employing PCR for U. urealyticum detection in 
infertile males are needed to help clarify this issue. 


Gram-negative infections 

Gram-negative infections, in particular E. coli, are 
the most common cause of nongonococcal bacte- 
rial infections of the male genital tract. While these 
infections are often symptomatic, they may manifest 
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as subclinical epididymitis or prostatitis [1,2,81]. In 
aggregate, the numerous clinical studies examining the 
effects of E. coli on male fertility do not support det- 
rimental associations. Fowler and Mariano could not 
detect E. coli in any ejaculates of 62 male partners of 
infertile couples using IgA antibodies targeted against 
eight common O-antigens [82]. Hiller et al. isolated 
E. coli by culture in less than 10% of semen samples 
from 37 males attending an infertility clinic; however, 
no association with sperm dysfunction or leukocyto- 
spermia was observed [83]. Naessens et al. noted 
similar results in 120 male infertility patients [56]. 
Furthermore, Ombelet et al. observed no difference 
in the prevalence of E. coli when comparing 144 fertile 
males with 143 subfertile males [65]. More recently, 
Esfandiari et al. found no correlation between Gram- 
negative bacteria (Enterobacteriaceae family) and 
sperm characteristics in 80 infertile men with asymp- 
tomatic leukocytospermia [84]. These studies collec- 
tively suggest that the presence of E. coli in the semen of 
infertile males often represents benign colonization or 
sample contamination rather than an infectious cause 
of infertility. 

Despite the lack of a definitive association between 
E. coli and male fertility impairment from the clinical 
literature, several basic science studies demonstrate 
that E. coli binds to sperm and causes ultrastructural 
damage and sperm agglutination. Collectively, these 
changes result in decreased sperm motility and pene- 
tration. Teague et al. first reported that E. coli obtained 
from urinary and cervical cultures, when added to 
semen from healthy volunteers, resulted in agglutin- 
ation ofspermatozoaand decreased motility [85]. These 
effects were found to be independent of endotoxin or 
lipopolysaccharide (LPS). Wolff et al. incubated sperm 
from healthy donors with E. coli isolated from the 
ejaculates of male infertility patients. They observed 
sperm agglutination due to direct adherence of E. coli 
to sperm mediated by mannose-binding proteins [86]. 
Interestingly, reversal of mannose-mediated agglutin- 
ation yielded return of sperm motility. El-Mulla et al. 
demonstrated decreased inducibility of the acrosome 
reaction due to E. coli in an in-vitro experiment [87]. 
Studies by Diemer et al. suggest that at prolonged 
incubation times E. coli exerts irreversible damage to 
both acrosomal and tail architecture [88,89]. Though 
these results suggest a role for E. coli in male infertil- 
ity, high concentrations of E. coli were used (1: 1 ratio 
with sperm), and therefore they may not be clinically 
relevant [89]. 


Overall, the incidence of Gram-negative infec- 
tions is low in young men [1,3]. While several in- 
vitro studies suggest mechanisms for male fertility 
impairment by Gram-negative organisms, a paucity 
of similar findings in the clinical literature suggests 
that these organisms may have limited male repro- 
ductive pathogenicity. 


Trichomonas vaginalis 


T. vaginalis is a sexually transmitted protozoan organ- 
ism that accounts for a minority of nongonococcal ure- 
thritis cases [1]. Tuttle et al. demonstrated that, in an 
in-vitro environment, sperm incubated with T. vagina- 
lis had diminished motility that significantly decreased 
over time [90]. In subsequent in-vitro studies, Jarecki- 
Black et al. isolated a spermicidal protein released by 
T. vaginalis [91]. Furthermore, Gopalkrishnan et al. 
reported that T. vaginalis-positive semen from asymp- 
tomatic men (4.4% of cases) demonstrated decreased 
sperm motility, decreased morphology, altered mem- 
brane integrity, and increased viscosity versus con- 
trols. Treatment with a single course of metronidazole 
resulted in significantly improved semen parameters in 
50% of patients [92]. Interestingly, Lloyd et al. recently 
described the first case of T. vaginalis orchitis associ- 
ated with oligoasthenoteratozoospermia and hypogo- 
nadism diagnosed during testicular sperm extraction 
[93]. These limited data suggest that T. vaginalis may 
impair sperm function, though the clinical utility of 
screening for T. vaginalis remains to be seen. 


Viruses 


Viruses may impact male fertility by stimulating 
direct cytotoxic immune mechanisms and indirect 
inflammatory processes (Table 17.4) [94-102]. They 
caninfect the genitourinary system via the bloodstream 
or, less commonly, via the urethra. Viruses depend on 
host cells for replication, and these pathogens are cap- 
able of invading epithelial, neuronal, and immune cells 
present in the genitourinary tract [3]. Viruses are effect- 
ively detected in semen by sensitive and specific DNA 
amplification techniques including PCR and LCR. 

The herpesvirus family consists of herpes simplex 
virus (HSV) types 1 and 2, cytomegalovirus (CMV), 
Epstein-Barr virus (EBV), varicella-zoster virus 
(VZV), and human herpes virus (HHV) types 6, 7, 
and 8. These viruses are collectively responsible for an 
array of disease processes ranging from simple rashes 
to malignancy. Krause et al. evaluated the presence of 
HSV, CMV, and EBV in the semen of infertile men with 
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Table 17.4. Studies investigating viral infections in asymptomatic males attending infertility clinics 


Reference 


Krause, 2002 
[94] 


Kapranos, 
2003 [95] 


Shen, 1994 
96] 


Yang, 1995 
97] 


Levy, 1997 
98] 


Bezold, 2002 
[99] 


Green, 1991 
[100] 


Lai, 1997 
[101] 


Martorell, 
2005 [102] 


Virus(es) 


HSV, CMV, 
EBV 


HSV, CMV, 
EBV 


CMV 


CMV 


CMV 


Herpesvirus 
types: 

EBV, HSV, 
CMV, HHV 
6-8, VZV 


HPV11&16 


HPV 16&18 


HPV 
(multiple 
types) 


Detection 
method 


Serum IgG and 
IgM serology 


DNA PCR 


DNA PCR 


CMV IgG serum 
serology and 

DNA PCR of 
semen samples 


CMV IgG serum 
serology and 

DNA PCR of 
semen samples 


DNA PCR 


DNA PCR 


DNA&RNA 
PCR 


DNA PCR 
from paraffin 
embedded 
sections 


Study 
population (n) 


Male infertility 
patients with 
(130) and without 
leukocytospermia 
(80) 


Men attending an 
infertility clinic (113) 


Male partners of 
infertile couples 
(217) 


Infertile couples 
(250) 


ale partners of 
infertile couples (81) 
ested for serology 
and 70 separate 
semen samples 
rom CMV IgG 
positive patients for 
PCR analysis 


en seeking fertility 
evaluation (252) 


Men attending an 
STD clinic (27) anda 
fertility clinic (104) 


Men attending a 
fertility clinic (24) 


Patients with 
azoospermia 
undergoing 
testicular biopsy 
(185) 


Prevalence 


+) 
Leukocytospermia: 
HSV IgM: 10% 

z) 
Leukocytospermia: 
HSV IgM: 1.25% 


HSV: 49.5% 
CMV: 7.1% 
EBV: 16.8% 


32.7% 


IgG: 98.9% 
DNA PCR: 33.5% 


IgG: 58% 
DNA PCR: 2.85% 


All types: 17.1% 
EBV: 7.1% 

HSV: 3.2% 
CMV: 3.6% 
HHV 6: 4% 
HHV 7: 0.4% 
HHV 8: 0% 
VZV: 0% 


STD clinic: 85% 
Fertility clinic: 
HPV total: 41% 
PV 11: 22% 
HPV 16: 33% 
HPV 11&16: 14% 


PV 16 

A: 25% 
A: 8% 
PV18 

A: 46% 
A: 8% 


22(@) ae 28! Gai 


6.48% 


Findings 


Of all the viruses and antibody 
isotypes, only IgM against HSV 
was more prevalent in patients 
with leukocytospermia than 
those without 


HSV, but not CMV or EBV, was 
associated with decreased mean 
sperm count and mean sperm 
motility 


Associations with semen 
parameters or sperm function 
were not studied 


In males, no effects on semen 
quality were observed 


Authors recommend screening 
for CMV-seropositive patients 
followed by viral PCR detection 
in semen due to potential risk of 
congenital CMV infection 


Patients with EBV-positive PCR 
had higher seminal granulocytes 
than those without 

No associations between any 
virus and sperm count, motility, 
and morphology Authors also 
recommend screening for HSV 
and CMV due to potential risk of 
congenital infections 


Associations with semen 
parameters or sperm function 
were not studied 


Higher rate of asthenospermia 
in patients infected with either 
HPV than in patients without 
infection Certain aspects of 
motility were significantly lower 
in the specimens with HPV than 
in those without 


Further studies indicate that 
Sertoli, Leydig, and possibly 
germinal cells harbored the HPV 
infections 


CMV, cytomegalovirus; DNA, deoxyribonucleic acid; EBV, Epstein-Barr virus; HHV, human herpes virus; HPV, human papillomavirus; 
HSV, herpes simplex virus; Ig, immunoglobulin (IgG typically found in serum, IgA typically found in secretions); PCR, polymerized chain 
reaction; STD, sexually transmitted disease; VZV, varicella-zoster virus. 
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and without leukocytospermia [94]. Through the use 
of serum serologies, the authors noted significantly 
more patients with serum IgM antibodies against HSV 
when comparing infertile men with leukocytospermia 
with controls (10.8 vs. 1.25, P < 0.05). However, when 
they compared HSV DNA PCR on semen samples from 
infertile men with leukocytospermia to semen samples 
from infertile men without leukocytospermia, they 
found no such association. More recently, Kapranos 
et al. employed PCR detection of HSV virus in the 
semen of 113 men attending an infertility clinic [95]. 
The investigators detected HSV in 49.5% of samples 
and reported significantly decreased sperm concentra- 
tion and motility in HSV-positive patients versus HSV- 
negative patients. CMV and EBV were also studied, but 
neither impacted semen parameters. 

Yang et al. studied the presence of CMV in 250 
infertile couples in Taiwan using blood serologies and 
DNA hybridization techniques. While the authors 
demonstrated 98.9% prevalence of anti-CMV IgG in 
the serum from males, they detected viral shedding in 
only 33.5% of semen samples using DNA hybridization 
techniques [97]. The authors reported that viral shed- 
ding of CMV in semen did not affect semen quality. Ina 
similar study of 81 infertile couples in France, Levy et al. 
noted the presence of anti-CMV IgG serologies in 58% 
of men and 62% of women [98]. However, in 70 semen 
samples of those with anti-CMV IgG positive serolo- 
gies, only two semen samples were positive for CMV 
DNA through amplification. The difference in these 
two studies is largely attributed to patient demograph- 
ics (France vs. Taiwan), and the full effects of CMV on 
reproductive health remain to be determined. 

In a study by Bezold et al., herpesviruses were 
detected in 17% of 252 semen samples from men 
undergoing an infertility evaluation [99]. EBV was 
the most common (7.1% of samples), and was associ- 
ated with increased concentrations of granulocytes. 
However, no associations between EBV infection and 
impaired semen parameters or sexual gland dysfunc- 
tion (e.g., fructose assay for seminal vesicles) were 
demonstrated. 

The relationship of human papillomavirus (HPV) 
to male fertility is intriguing, considering the role of 
HPV in genital warts (types 6 and 11) and penile carci- 
noma (types 16 and 18). Through DNA PCR of semen, 
Green et al. reported a 41% prevalence of seminal 
HPV in a total of 104 men attending a fertility clinic 
[100]. In another study of 24 men attending a fertility 


clinic, Lai et al. demonstrated that patients infected 
with HPV type 16 or 18 detected by PCR in semen 
had a significantly higher rate of asthenospermia 
than patients without HPV infection (75% vs. 8%, 
P = 0.008) [101]. No such differences were observed 
regarding sperm concentration or morphology when 
comparing patients with and without seminal HPV. 
More recently, Martorell et al. isolated HPV by PCR 
in 6.48% of 185 paraffin-embedded testicular biopsies 
of men with nonobstructive azoospermia versus 0% 
of healthy controls (autopsies) [102]. However, each 
of the 12 patients identified with HPV infection had 
other probable etiologies for azoospermia (e.g., chem- 
otherapy effects, etc.). At this time, the relationship 
between HPV and male infertility is unclear, given the 
available data. 

Infection with human immunodeficiency virus 
(HIV) is a significant cause of morbidity and mortal- 
ity worldwide, with disease progression resulting in 
acquired immunodeficiency syndrome (AIDS). The iso- 
lation of HIV in human semen is well documented [3], 
and thus represents a potential pathogen to sperm devel- 
opment and function (Table 17.5) [103-110]. Krieger 
et al. demonstrated that semen specimens from 21 men 
seropositive for HIV did not significantly differ from 
those of seronegative semen donors [103]. However, 
the authors demonstrated that the three study patients 
with AIDS had leukocytospermia and microscopically 
abnormal sperm forms. Several subsequent investiga- 
tions corroborate these data, as early HIV infections 
are generally not associated with abnormalities in 
semen parameters. However, with disease progres- 
sion to AIDS (i.e., CD4+ count < 200 cells/mm? or 
symptomatic disease), significant seminal abnormali- 
ties (impaired concentration, morphology, motility, 
viscosity) and leukocytospermia are often evident 
[104-107,111]. Using regression analysis, Dondero et al. 
demonstrated correlations between peripheral blood 
CD4+ lymphocyte count, sperm motility (r = 0.45, 
P < 0.05), and abnormal sperm morphology (r = -0.51, 
P<0.05) in 21 HIV seropositive males [107]. 

Treatment of HIV with the antiretroviral zidovu- 
dine (AZT) is not associated with detrimental changes 
in semen parameters [103,104], and in some reports 
AZT therapy has been shown to result in decreased 
seminal leukocytes [106] and titers of seminal HIV-1 
[105]. Dulioust et al. studied 189 HIV-infected men 
without AIDS, a majority (94%) of whom were tak- 
ing one or more antiretrovirals [108]. These otherwise 


305 


306 


Chapter 17: Genital tract infection and inflammation 


Table 17.5. Studies investigating the effects of HIV, AIDS, and antiretrovirals on male fertility 


Reference Study Symptomatic AIDS (n) Patients Findings 
population HIV (n) receiving 
(n) treatment (%) 
Krieger, 1991 24 HIV-positive 5 3 12 (50%) No difference in sperm count, 
[103] males morphology, motility, or WBCs in HIV 


semen samples compared to controls 
Zidovudine treatment did not affect 
semen parameters Three patients with 
AIDS had grossly visible leukocytospermia, 
spermophagy, and abnormal sperm form 
by light and electron microscopy 


Crittenden, 39 HIV-positive 9 8 9 (49%) HIV-positive males had decreased motile 
1992 [104] males sperm, more round cells 

Serum CD4 count and CD4 percentage of 
HIV patients was positively correlated to 
proportion of motile sperm 


Anderson, 95 HIV-positive 47 with AIDS or 47 with 31 (33%) 9% of HIV-positive males had positive 
1992 [105] males symptoms AIDS or HIV semen cultures Serum CD4 < 200/ 
symptoms uL, symptomatic disease, and elevated 


seminal WBC (>1x10°/ml) were associated 
with HIV detection in semen 

Zidovudine treatment was associated with 
decreased detection of HIV in semen 


Politch, 1992 166 HIV- NA 55 80 (48%) HIV-positive males with CD4 counts > 200/ 

[106] positive males uL and patients with zidovudine therapy 
(regardless of CD4 count) had normal 
semen parameters 
Untreated HIV-positive males with CD4 
counts < 200/uL had decreased sperm 
count and concentration and increased % 
of abnormal sperm forms 


Dondero, 21 HIV-positive None None 16 (76%) o difference in sperm density, motility, 
1996 [107] males and viscosity in HIV patients compared to 
controls 


HIV patients had a higher number of WBCs 
and spermophage cells than controls 
Serum CD4 count of HIV patients was 
positively correlated to sperm motility and 
inversely correlated to abnormal sperm 


Dulioust, 189 HIV- None None 177 (94%) HIV-positive males had decreased total 

2002 [108] positive males sperm count, decreased % of rapidly 
requesting progressive sperm, decreased ejaculated 
ART volumes, and increased nonsperm cells 


compared with controls 


These results may be due to antiretroviral 
reatment 
Nicopoullos, 106 HIV- None None 74 (55.6%) HIV-positive males had decreased sperm 
2004 [109] positive males concentration, total count, progressive 
requesting motility, normal morphology, and 
ART (IUI) ejaculate volume compared to controls 
Asignificant positive correlation was 
observed between CD4 count and sperm 


concentration, total count, motility, 
progressive motility, and post-preparation 
concentration? A significant negative 
correlation was observed between CD4 
count with normal sperm morphology of 
both raw and post-preparation samples 
VL < 1000 copies/mL and the use of 
antiretrovirals significantly improved IUI 
outcomes 
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Table 17.5. continued 


Reference Study Symptomatic AIDS (n) 
population HIV (n) 
(n) 
Bujan, 2007 190 HIV- None None 
[110] positive males 
attending a 
fertility clinic 


Patients Findings 

receiving 

treatment (%) 

172 (91%) HIV-positive males had decreased total 


sperm motile count, % progressive 
spermatozoa, polynuclear cell count, and 
ejaculate volume versus controls. HIV- 
positive males had increased seminal pH 
value and multiple anomaly index? versus 
controls 

These results may be due to antiretroviral 
reatment 


AIDS, acquired immunodeficiency syndrome; ART, assisted reproductive technology; CD, cluster of differentiation; HIV, human 
immunodeficiency virus; IUI, intrauterine insemination; VL, viral load; WBC, white blood cell. 


a Sperm washing of HIV for IUI 
© Mean number of anomalies per abnormal spermatozoon 


healthy HIV patients had significant abnormalities 
in their semen parameters compared to age-matched 
seronegative controls, leading the authors to suggest 
a possible association between antiretrovirals and 
impaired semen quality [108]. A more recent study 
by Bujan et al. supports this conclusion; however, the 
authors did not find a correlation between duration of 
antiretroviral treatment and semen parameters [110]. 

The era of highly active antiretroviral therapy 
(HAART) has dramatically changed the lives of 
patients with HIV, resulting in increased life expect- 
ancy and improved quality of life. With the advent of 
HIV sperm washing techniques, parenthood has been 
achieved by male HIV patients using assisted repro- 
ductive technology (ART). Sperm washing is based 
on the principle that the HIV virus is found in seminal 
plasma and seminal leukocytes, but is not associated 
with sperm [112,113]. Semen samples are centrifuged 
multiple times using density gradient separation tech- 
niques, and this is followed by sperm swim-up proce- 
dures to isolate viable sperm [114]. The sperm isolate 
is then tested for HIV by nucleic acid amplification 
techniques, with Marina et al. noting HIV detection in 
6% of samples and, more recently, Persico et al. report- 
ing 0% detection rates [115,116]. In a comprehensive 
review of the literature, Gilling-Smith et al. did not 
find any cases of seroconversion in female partners 
or children born in over 3000 cycles of sperm wash- 
ing from HIV-infected males utilized in conjunction 
with ART [117]. 

With respect to ART, Nicopoullos et al. demon- 
strated that the use of antiretrovirals and undetectable 


viral loads significantly improved the outcome of intra- 
uterine insemination with sperm washing [109]. 
Antiretrovirals may indeed decrease HIV in semen, 
thereby inhibiting HIV-mediated sperm dysfunction. 
However, additional studies are needed to determine 
if, at higher concentrations or longer duration of use, 
antiretrovirals themselves may lead to inhibited sperm 
function. 


Leukocytospermia and male-factor 
infertility 
Mediators of inflammation 


Immune cells present in human semen 

The testes are immunologically sequestered organs, 
and as such represent an unusual deviation from the 
meticulous regulation imposed on the human body 
by the immune system. This sequestration is achieved 
through Sertoli cells intimately linked by tight junc- 
tions, forming the blood-testis barrier. Additionally, 
the molecular milieu of the testicle may also result in 
immunological tolerance. Therefore, the presence of 
abnormal concentrations of leukocytes within the male 
reproductive tract may represent a pathophysiological 
process contributing to male infertility (Table 17.6) 
[4,118-133]. 

Several groups have investigated WBC sub- 
populations in the semen of fertile and infertile 
men (Table 17.7) [121,125,126,134]. El-Demiry and 
colleagues used monoclonal antibodies (mAb) to 
characterize the lymphocyte subpopulations along 
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Table 17.6. Prevalence of leukocytospermia among infertile men 


Reference Detection Typeof Threshold Prevalence n Sperm parameters 
method WBC 
Endtz, 1974 Peroxidase B 0.5x10°/mL 24% 300 ot investigated 
[118] 
Comhaire, 1980 Peroxidase P x10°/mL 13% 500 ot investigated 
[4] 
Jochum, 1986 PMN-elastase P 000 ng/mL 19% 163 o effects on sperm count and 
(119 morphology 
Wolff, 1988 [120] PMN-elastase B 000 ng/mL 15% 118 ot investigated 
Wolff, 1988 [121] mmunohistology x10°/mL 24% 118 ot investigated 
Wolff, 1990 [122] mmunohistology x10°/mL 23% 179 Total sperm number, % 
motility, sperm velocity, motility 
index, total motile sperm 
Gonzales, 1992 Giemsa/ A x10°/mL 38% 280 {Sperm count,7% motile sperm, 
123] Papanicoulau % sperm vitality 
Tomlinson, 1992 mmunohistology Al x10°/mL 5% 351 Not associated with reduced 
124] semen quality or conception 
rates 
ung, 1993 [125] mmunohistology A «10°/mL 2% 49 Inverse correlation to morph 
and motility 
Tomlinson, 1993 mmunohistology A x10°/mL 3% 52 T Ideal forms, J head defects, J 
126] oligospermia 
Wang, 1994 mmunohistology Al x10°/mL 8% 101 Not investigated 
127] 
Yanushpolksy, Peroxidase PMN 0.5x10°/mL 11% 1710 4 Conc 
1995 [128 
[128] x106/mML 7% = 
2x10°/mL 4% 4 Morph 
Arata, 2000 [129] Peroxidase P x10°/mL 32% 62 + Conc, motility, HOS 
Kaleli, 2000 [130] Peroxidase P x10°/mL 72% 219 T Conc, HOS, acrosome reaction 
Sharma, 2001 Peroxidase P x10°/mL 9% 27) T ROS 
{131] 
Saleh, 2002 [132] Peroxidase P x10°/mL 33% 48 T ROS, DNA damage, 
4 motility 
Aziz, 2004 [133] Peroxidase P x10°/mL 36% 56 4 Sperm structural integrity 
Conc, concentration; DNA, deoxyribonucleic acid; HOS, hypo-osmotic swelling; Morph, morphology; PMN, polymorphonuclear 
leukocyte; ROS, reactive oxygen species; WBC, white blood cell. 
a Only in the presence of hypofunctional seminal vesicles as assayed by fructose levels 
(Adapted from Anderson DJ. The effect of genital tract infection and inflammation on male infertility. In: Lipshultz LI, Howards SS, 


eds. Infertility in the Male, 3rd edn. St. Louis, MO: Mosby Year Book, 1997: 326-35.) 


the genital tract of normal men and men with infer- 
tility [135]. The authors demonstrated the presence of 
predominantly CD8+ suppressor/cytotoxic T cells in 
the epithelial lining of the prostate, seminal vesicle, 
vas deferens, and epididymis. While no lymphocytes 
were present in testis biopsies from normal men, all 
10 testicular biopsies from infertile men demonstrated 
T lymphocytes between the fibrous tunica propria and 
the germinal epithelium of the seminiferous tubules. 


Additionally, aggregates of leukocytes were seen in the 
interstitium of the testis. This suggests that in normal 
tissue, cellular mechanisms and an intact blood-testis 
barrier prevent immune responses to sperm antigens. 
Wolffand Anderson characterized leukocyte subpopu- 
lations (granulocytes, monocytes/macrophages, CD4+ 
T lymphocytes, CD8+ T lymphocytes, B lymphocytes) 
by mAb in the semen of 17 fertile and 51 infertile 
patients [121]. The study demonstrated that infertile 


Table 17.7. WBC subpopulations in semen of fertile and infertile men 


Total WBC 
Granulocyte 
Monocyte/macrophage 


CD4+T lymphocyte 


CD8+T lymphocyte 
Blymphocyte 
WBC, white blood cells. 


a WBC/ejaculate = ((WBC/field)/(sperm/field)) x (sperm/ejaculate). 


Wolff, 1988 [121] 
Mean(+SEM)/ 
ejaculate? n = 17 
(fertile men) 


1 636 365 (4 966 260): 
1 348 160 (4 799 149)< 
175 897 (288 476) 

9 205 (13 804) 

6 250 (13 521) 

2737 (6 869) 


Wolff, 1988 [121] 
Mean(+SEM)/ 
ejaculate’ n = 51 
(infertile men) 


7 199090 (19612917) 
5 407 075 (16 387 801) 
978 557 (1 788 724) 
155 505 (555 658) 

86 112 (211 047) 

88 634 (415 199) 


© Further differentiation of WBC subtypes was performed in 91 patients. 


€ Wolff, 1988: significantly different between fertile and infertile groups by Kol mogorow-Smirnov test (P < 0.05). 
4 Kung, 1993: No difference in any WBC appreciated between ferti 
e Total T lymphocytes only, not CD4+ or CD8+ subpopulations. 

(Adapted from Keck C et al. Seminal tract infections: impact on ma 


Kung, 1993 [125] 
Mean(+SEM)/ 
ejaculate? n= 16 
(fertile men) 


385 708 (343 191)4 
261 562 (384 941) 
47541 (146 258) 
52 066 (105 511) 

0 (0) 

28 427 (57 44) 


le and infertile groups. 


Kung, 1993 [125] 
Mean(=SEM)/ 
ejaculate’ n = 51 
(infertile men) 


385 513 (997 398) 
343 159 (482 179) 
53 450 (137 152) 
52 020 (103 149) 
6 685 (26 637) 

13 838 (46 811) 


e fertility and treatment options. Hum Reprod Update. 1998; 4: 891-903.) 


Tomlinson, 

1993 [126] 
Mean(+SEM)/mL 
n= 229 (infertile 
men) 

132 800 (26 900) 

67 000 (14 600) 

23 900 (3 200) 

940 (160) 

1170 (180) 


1620 (460) 


Aitken, 

1994 [134] 
Mean(+SEM)/ 
mLn= 120° 
(infertile men) 


391 900 (90 500) 
396 900 (76 000) 
38 300 (20 100) 

60 600 (15 800)° 


37 700 (9 800) 
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Fig. 17.2. Paradigm for leukocyte subpopulation interaction in infertile men with leukocytospermia. 


men had significantly more seminal leukocytes than 
fertile men, with granulocytes representing the most 
prevalent subpopulation in both cases. Semen of infer- 
tile men also demonstrated significantly more granu- 
locytes and CD8+ T lymphocytes. Finally, significantly 
more men in theinfertile group than in the fertile group 
had leukocytospermia. In total, these studies suggest 
that increased concentrations of leukocytes in the 
genital tract and semen are associated with infertil- 
ity. In Figure 17.2 we present a paradigm detailing the 
numerous mechanisms by which subpopulations of 
leukocytes can disrupt normal spermatogenesis and 
sperm function. 

Several authors have noted a negative correlation 
between the presence of seminal leukocytes and other 
semen analysis parameters. Wolff and colleagues 
reported that infertile men with leukocytospermia 
(mAb) had significant reductions in total sperm 
number and parameters of motility (percent sperm 
motility, motility index, total motile sperm, and sperm 


velocity) [122]. Furthermore, Arata et al. found that 
in semen of infertile men, leukocyte concentration 
(peroxidase) was negatively correlated with sperm 
morphology, motility, and hypo-osmotic swelling 
[129]. Other investigators have noted adverse effects 
of leukocytospermia on semen parameters only in the 
presence of seminal vesicle dysfunction (low fructose 
value corrected for sperm count) [123]. Aitken et al. 
noted that semen parameters were not negatively 
influenced by the presence of leukocytes; sperm func- 
tion was only negatively impacted in washed sperm 
preparations contaminated by leukocytes. The authors 
postulated that these effects may be attributable to the 
antioxidative properties of seminal plasma, miss- 
ing in the washed samples [134]. More recently, Aziz 
et al. demonstrated that infertile men with leukocyto- 
spermia (peroxidase) had worse sperm motility and 
morphology than both infertile men without leuko- 
cytospermia and fertile controls [133]. The authors 
also noted significant negative correlations between 
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leukocyte concentration, percentage sperm motility, 
and various indices of morphology. 

Several authors have reported adverse effects of 
leukocytes on the sperm penetration assay (SPA). 
Berger et al. first reported that the concentrations of 
leukocytes, granulocytes, and lymphocytes all cor- 
related with abnormal SPA assay results (< 11% eggs 
penetrated) [136]. Maruyama et al. demonstrated that 
in fertile donors the human spermatozoa penetration 
of zona-free hamster oocytes decreased in the presence 
of the donors’ own plasma-purified leukocytes [137]. 
Interestingly, in infertile patients with more than 3 x 10° 
leukocytes/mL, the penetration rates increased with 
the removal of seminal leukocytes. In contrast to these 
studies, Aitken et al. found no correlation between the 
concentration or total number of leukocytes and ham- 
ster oocyte penetration in men attending an infertil- 
ity clinic [134]. However, as briefly mentioned above, 
leukocyte contamination of washed sperm prepara- 
tions significantly decreased penetration, suggesting a 
protective role of seminal plasma. 

Granulocyte concentration in semen has been 
specifically investigated, since granulocytes are the 
predominant leukocyte subset in fertile and infertile 
men with leukocytospermia [122,126,134,138,139]. 
Yanushpolsky and associates reported that in semen 
samples of 1710 male partners of infertile couples, 
granulocyte concentrations (peroxidase) greater than 
5 x 10° cells/mL and 2 x 10° cells/mL were associated 
with significant differences in sperm concentration 
and morphology, respectively [140]. The authors also 
found a robust correlation between the number of 
granulocytes and the percent of samples with less than 
10’ motile sperm per ejaculate (r = 0.94, P < 0.0001). 
These results are corroborated by Thomas et al., who 
demonstrated that in 79 male patients attending a fer- 
tility clinic, seminal granulocyte concentrations (per- 
oxidase) greater than 5 x 10° cells /mL and 1 x 10° cells/ 
mL were both associated with a significantly lower 
percentage normal sperm morphology than seminal 
granulocyte concentrations below these values [141]. 
The authors also noted a negative correlation between 
granulocyte concentration and normal morphology 
(r=-0.27, P< 0.01). 

The clinical relevance of leukocytospermia in 
regard to male fertility is controversial, as other 
reports argue against detrimental effects of leukocytes 
on spermatozoa. In a study of 120 men attending an 
infertility clinic, Aitken et al. demonstrated that leuko- 
cytospermia (WHO) had no influence on sperm 


morphology, motility, oocyte penetration, or acrosome 
reaction [134]. In two separate studies, el-Demiry and 
colleagues demonstrated that semen of fertile men 
had higher concentrations of leukocytes and granu- 
locytes than semen from sub/infertile men [138,139]. 
The authors suggest that leukocytes in the semen may 
represent both a nonspecific defense mechanism and a 
scavenging system for damaged, dead, and immature 
sperm. In a prospective study, Tomlinson et al. inves- 
tigated the effects of leukocytes on seminal param- 
eters and pregnancy outcomes in 229 patients with 
male-factor infertility [126]. The authors found that 
although granulocyte and macrophage concentration 
had modest negative correlations with the percentage 
of spermatozoa head defects (r = -0.17, P < 0.001, and 
r=-0.15, P< 0.01, respectively), these subpopulations 
and total leukocytes were not associated with motility 
or sperm density. In fact, leukocytes were positively 
correlated with percent “ideal forms” (morphology 
index). Furthermore, total granulocytes in semen 
were predictive of pregnancy (over a two-year period). 
These results are corroborated by Kaleli et al., who 
demonstrated a positive association between leukocyte 
concentration and sperm concentration and function 
[130]. In total, these findings suggest a potential pro- 
tective role of leukocytes, especially granulocytes, in 
sperm quality. 


Oxidative stress and reactive oxygen species 

Oxidative stress is a fundamental pathophysiological 
process mediated by oxygen and oxygen derivatives 
known as reactive oxygen species (ROS). Prominent 
examples of ROS include hydroxyl peroxide, super- 
oxide anion, hydroxy] radical, peroxyl radical, and the 
hypochlorite radical. ROS are classified as free radical 
molecules because they harbor an unpaired electron. 
They are inherently unstable and highly reactive. ROS 
serve normal physiological roles in cellular mes- 
saging systems. However, in pathological states, the 
inherent reactivity of ROS overwhelms endogenous 
antioxidant systems and is the principal force medi- 
ating oxidative stress-induced cellular damage [142]. 
This process is well documented in a variety of disease 
states, including cardiovascular, autoimmune, and 
infectious processes. 

In the context of the testicular microenvironment, 
two cell populations are involved in the production of 
ROS: spermatozoa (especially damaged spermatozoa) 
and seminal leukocytes - most notably granulocytes 
[143-145]. Recently, immature spermatozoa within 
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the ejaculates of male subjects were also shown to pro- 
duce more ROS than mature spermatozoa. Some have 
suggested that this finding may adversely impact male 
fertility potential as the immature sperm migrate from 
the seminiferous tubules to the epididymis [146,147]. 
However, granulocytes are responsible for the major- 
ity of the ROS burden, contributing an estimated 10° 
greater magnitude than contributed by spermatozoa 
[148,149]. In regard to the pathogenesis of male-factor 
infertility, oxidative stress results in lipid peroxidation 
(LPO) of the sperm membrane with resultant mem- 
brane dysfunction and DNA damage. 

Several studies have established that chemically 
induced oxidative stress results in LPO of the sperm 
membrane with abnormal changes in membrane com- 
position, significant impairment in sperm motility, 
and disordered sperm-oocyte fusion [150-153]. ROS 
may decrease sperm motility through axonemal dam- 
age and depletion of ATP [154]. Furthermore, LPO 
appears to be significantly accelerated in damaged and 
defective spermatozoa [150,153]. Addition of seminal 
plasma, endogenous protective enzymes (superoxide 
dismutase, catalase), and antioxidants has been shown 
to inhibit subsequent damage by LPO and, in certain 
cases, to reverse LPO-induced dysfunction in vitro 
[150,153]. 

Similar results have been demonstrated using 
human spermatozoa incubated with ROS-producing 
activated human granulocytes [148,149,155]. Studies 
investigating semen samples from male patients 
undergoing infertility evaluations demonstrated sig- 
nificant associations between ROS production and 
impaired sperm function [143-145,150]. A prospec- 
tive study by Aitken et al. revealed that ROS levels were 
negatively correlated to both sperm-oocyte fusion 
(zona-free hamster oocyte penetration test) and in- 
vivo fertility [156]. Zalata et al. demonstrated that in 
semen of infertile men, leukocytospermia (peroxi- 
dase) was positively correlated to oxidative stress (r = 
0.79, P < 0.001) and negatively correlated to acrosin 
(enzyme involved in the acrosome reaction) activity 
(r = -0.71, P < 0.001) [157]. Overall, an inverse cor- 
relation between oxidative stress and acrosin activity 
was also reported (r = -0.89, P < 0.001). Most recently, 
in a retrospective study of 132 patients, Agarwal et al. 
demonstrated a significant association between ROS 
levels (104 cpm/20 x 10° sperm) and male-factor infer- 
tility (OR = 4.25, P = 0.0034) [158]. 

Several investigators have reported that leuko- 
cyte-induced oxidative stress is only associated with 


sperm dysfunction in washed spermatozoa prepara- 
tions, which are devoid of seminal plasma [134,143]. 
This observation is supported by studies of infertile 
couples undergoing IVF in which leukocyte contami- 
nation of sperm preparations (i.e., lacking seminal 
plasma) resulted in elevated levels of ROS, decreased 
sperm motility, and decreased fertilization capacity 
[148,159]. Several lines of investigation demonstrate 
the protective role of seminal plasma against oxida- 
tive stress-induced sperm dysfunction [153,155]. The 
seminal plasma of infertile men also has lower levels 
of total antioxidant capacity, lower levels of individual 
antioxidants, and correspondingly higher levels of lipid 
peroxidation than seminal plasma from fertile controls 
[160-162]. 

As mentioned above, DNA damage results from 
oxidative stress and, in turn, decreases the genetic via- 
bility of spermatozoa. Kodama et al. demonstrated that 
spermatozoal DNA from infertile males demonstrated 
greater oxidative damage than controls [163]. This is 
corroborated by basic science data from an in-vitro 
study of NADPH-induced generation of ROS demon- 
strating increased sperm DNA fragmentation [164]. 
Both studies also revealed beneficial effects from in- 
vitro antioxidants on oxidative DNA damage, although 
each study had varying results depending on the anti- 
oxidant used and the source of the oxidative damage. 
As previously described, ROS production by immature 
spermatozoa may cause DNA damage in addition to 
increased LPO in mature spermatozoa during sperm 
migration [147,165]. Alvarez et al. examined male sub- 
jects with leukocytospermia and demonstrated a sig- 
nificant increase in sperm DNA damage versus healthy 
donors and patients without leukocytospermia [165]. 
Erenpreiss et al. also noted similar results, finding 
that semen from infertile men with leukocytospermia 
(peroxidase) and abnormal semen parameters was 
associated with increased DNA damage compared to 
semen from patients with leukocytospermia and nor- 
mal semen parameters [166]. This growing body of lit- 
erature suggests that leukocytospermia may increase 
DNA damage in infertile men via ROS. 

Several studies have directly demonstrated the det- 
rimental effects of leukocyte production of ROS on 
semen parameters and sperm function (Table 17.8) 
[131,132,134,143,165]. As mentioned previously, 
Aitken et al. demonstrated that leukocyte production 
of ROS inhibited oocyte fusion in sperm prepara- 
tions devoid of seminal plasma in 120 male patients 
attending an infertility clinic [134]. Furthermore, in a 
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Table 17.8. Association of leukocyte concentration with reactive oxygen species production in semen of infertile men 


Reference n Leukocyte ROS assay 
detection 
method 
Aitken, 1994 120 Immuno- Chemiluminescence 
[134] histochemistry 
Aitken, 1995 VWs Immunohisto- Chemiluminescence 
[143] chemistry 


Sharma, 2001 PYA Peroxidase test ROS-TAC® 

Hak 

Saleh, 2002 48 Peroxidase test ROS-TAC 

[132] 

Alvarez, 2002 74 Peroxidase test Chemiluminescence 
{165] 


Correlation 
between 
leukocytes and 
ROS 


r=0.78 (P< 0.001) 
in washed? sperm 
preparations 
contaminated by 
leukocytes 


r=0.729 (P < 0.001) 
in intact semen 
samples 

r=0.840 (P < 0.001) 
in washed sperm 
preparations 


r= -0.39 (P < 0.001) 


r= -0.56 (P < 0.001) 


r=0.64 
(P < 0.004): 


Relevant findings 


In patients attending an infertility 
clinic, leukocyte contamination of 
washed sperm preparations resulted 
in decreased oocyte penetration 


In infertile subjects, leukocyte- 
produced ROS were detected in 
intact human semen samples, but 
no significant correlations were 
noted between semen parameters 
(motility, morphology, sperm 
concentration and total count) 

or sperm function (penetration 
assays) and either ROS or leukocyte 
population. In infertile subjects, 
leukocytes in washed sperm 
preparations resulted in decreased 
sperm motility, increased ROS, and 
increased LPO versus controls 


Oxidative stress increased with an 
increase in WBC count even when 
WBC was much less than 1 x 10°/ 
mL. Significant negative correlation 
between oxidative stress and 
sperm concentration, motility, and 
morphology 


Levels of spontaneous and induced 
ROS production in pure-sperm 
suspensions (free of leukocytes) 
rom the infertile men with 
eukocytospermia were higher 
compared to infertile men without 
eukocytospermia and to control 
group 


n patients attending an 

infertility clinic, subjects with 
eukocytospermia demonstrated 
increased sperm DNA damage 
versus subjects without 
eukocytospermia or healthy donors 


DNA, deoxyribonucleic acid; LPO, lipid peroxidation; ROS, reactive oxygen species; TAC, total antioxidant capacity; WBC, white blood 


cells. 
a Free of seminal plasma. 


e ROS-TAC inversely correlated to oxidative stress, accounts for a negative correlation to leukocytes compared 


chemiluminescence. 


(@} 


€ Spermatozoa at a certain stage of maturation isolated by density gradient centrifugation. 


subsequent study by Aitken et al. of 66 infertile males 
and 49 healthy donors, the authors found that leukocyte 
production of ROS in unwashed semen samples was 
not correlated with seminal parameters or sperm func- 
tion [143]. These results suggest that seminal plasma 


protects against leukocyte-produced ROS. It should be 
noted that these studies employed chemiluminescence 
to assay ROS. More recently, Sharma et al. introduced 
the reactive oxygen species-total antioxidant capacity 
(ROS-TAC) score, which measures sperm ROS and 
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seminal TAC chemiluminescence as well [167]. The 
composite ROS-TAC values are inversely correlated 
with the level of oxidative stress. In a subsequent study 
employing ROS-TAC, Sharma et al. demonstrated a 
moderate correlation between the concentration of 
leukocytes (peroxidase) and ROS in 271 men attend- 
ing an infertility clinic [131]. A similar study examin- 
ing infertile men with and without leukocytospermia 
and healthy controls also noted a correlation between 
leukocyte concentration (peroxidase) and oxidative 
stress via ROS-TAC [132]. The authors noted that men 
with leukocytospermia had decreased sperm motility, 
presumably from LPO, and increased DNA damage - 
both supporting the concept of cellular injury arising 
from oxidative stress. 

Leukocyte production of nitric oxide (NO) and 
other reactive nitrogen intermediates (RNI) consti- 
tutes another chemical mediator system studied in 
relation to sperm function. Spermatozoa are able to 
produce NO for physiological functions [168,169], 
but NO canalso react with the superoxide anion form- 
ing the highly reactive peroxynitrite (ONOO) anion, 
resulting in cytotoxicity [170]. Toxicity from these 
molecules is believed to arise from inhibition of cellu- 
lar aerobic respiration, and has been demonstrated in 
spermatozoa [171]. In-vitro studies revealed that incu- 
bating sperm with low concentrations (nM) of sodium 
nitroprusside (NO donor) enhanced sperm motility 
and viability and decreased LPO [172]. In contrast, 
high concentrations adversely affected sperm motil- 
ity [124,171,173]. Sperm incubations with other NO 
donors supportthe deleterious effects of NO [171,173]. 
Nitrite is a stable end product of NO and has been used 
as an assay of NO production. Nobunaga et al. dem- 
onstrated that semen from infertile men with leuko- 
cytospermia (peroxidase) had significantly elevated 
levels of nitrite compared to semen from infertile 
men without leukocytospermia, and semen from fer- 
tile controls [174]. However, Revelli et al. reported 
that semen samples from men seen at a fertility clinic 
revealed no correlation between nitrite concentration 
and leukocyte concentration (anti-CD45 antibody) or 
sperm motility [175]. 


Elastase 

As previously discussed, leukocytes in semen from 
infertile men may result in cellular spermatozoal dam- 
age through the release of ROS. Since granulocytes 
are the major constituent of seminal leukocytes, other 
mediators of granulocyte-induced cellular damage 


may be present in the semen of infertile men with 
leukocytospermia. 

Wolff et al. demonstrated that in 118 male patients 
with infertility, concentrations of granulocyte elastase 
were positively correlated to white blood cell (WBC) 
concentrations (measured by immunohistochemistry) 
(r = 0.755) [120]. These results were corroborated by 
studies finding elevated levels of granulocyte elastase 
in infertile men with leukocytospermia [176,177]. 
Furthermore, Rajasekaran et al. found that granulo- 
cyte elastase was not significantly elevated in infertile 
men without leukocytospermia compared to normal 
fertile controls, but was significantly elevated in infer- 
tile men with leukocytospermia compared to both of 
these other two groups. These results were verified in 
a subsequent study by the authors, with an even more 
rigid definition of leukocytospermia (2 x 10° leuko- 
cytes/mL) [178]. 

More recently, Zorn et al. found that granulocyte 
elastase in semen at a cutoff concentration of = 290 
ng/mL is an accurate predictor of leukocytospermia- 
associated genital tract inflammation (sensitivity 
79.5%, specificity 74.4%) [179]. In findings similar 
to those of Wolff et al., the authors also noted a posi- 
tive but less robust correlation between granulocyte- 
elastase concentration and leukocyte concentration 
in 312 infertile male patients (r = 0.330). Although 
Zorn et al. found no correlation between granulocyte 
elastase and ROS concentration, Henkel and Schill 
did find a positive correlation between these two 
parameters in a study of 176 men attending an infer- 
tility clinic (r = 0.613, P < 0.0001) [180]. Zorn et al. 
also demonstrated a negative correlation between 
granulocyte-elastase concentrations and sperm DNA 
damage (r = -0.194, P = 0.024) suggesting a possible 
unexpected protective role for granulocyte elastase 
[179]. No association was found between semen 
parameters and granulocyte-elastase concentrations. 
Interestingly, the authors also noted a higher concen- 
tration of granulocyte elastase in men whose female 
partners had tubal damage than in men whose female 
partners had no tubal damage. 


Cytokines 

Cytokines are the principle molecular signals of 
the immune system and are released by both lym- 
phocytes and monocytes. Certain cytokines activate 
cellular proliferation and inflammatory mechanisms, 
ultimately resulting in oxidative stress, while oth- 
ers act in direct opposition to inflammation. If 
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leukocytospermia results in increased oxidative 
stress, then a preponderance of increased pro-inflam- 
matory and decreased anti-inflammatory cytokines 
with resulting impairment of sperm function should 
be appreciated. In fact, Hill et al. demonstrated that 
incubating spermatozoa with supernatant from 
activated peripheral blood leukocytes significantly 
decreased sperm motility [181]. 

Rajasekaran et al. noted that seminal plasma of 
infertile men with leukocytospermia (Papanicolaou 
stain and granulocyte-elastase assay) had significantly 
elevated levels of IL-2 and IL-8 compared to seminal 
plasma of infertile men without leukocytospermia and 
of fertile controls. IL-2 activates and induces prolifera- 
tion of T-helper cell lymphocytes; this suggests a pos- 
sible role for cell-mediated immunity. The authors also 
noted that IL-8 but not IL-2 was significantly related 
to ROS levels (chemiluminescence, r = 0.704). Since 
IL-8 is a granulocyte chemoattractant, these results 
strengthen the argument for leukocytospermia- 
induced ROS production. Other studies also demon- 
strated increased levels of IL-8 in infertile men with 
leukocytospermia (mostly granulocytes) [182,183]. 
Furthermore, Shimoya et al. demonstrated a significant 
correlation between and IL-8 and granulocyte-elastase 
levels (r = 0.688, P< 0.001). 

Tumor necrosis factor a (TNF-a), IL-1, and IL-6 
are all pro-inflammatory cytokines. TNF-a was found 
to be elevated in infertile men with leukocytospermia 
compared to infertile men without leukocytospermia 
[182,184] and fertile controls [184]. It should be noted 
that Maegawa et al. used granulocyte-elastase con- 
centrations greater than 1000 ng/mL to define leuko- 
cytospermia, whereas Omu et al. used Papanicolaou 
staining and WHO criteria to measure and define leu- 
kocytospermia. Hill et al. reported that spermatozoa 
incubated with TNF-a and interferon y demonstrated 
decreased motility [181]. Taken together, these stud- 
ies suggest that TNF-a is elevated in infertile men with 
leukocytospermia, and that this elevation leads to 
impaired sperm function. 

Several other investigators also noted increased 
concentrations of IL-6 in semen of men with leukocyto- 
spermia (fertility status unknown) [185] and infertile 
men [186] compared to those in fertile controls. Naz 
et al. showed that the elevation of IL-6 in infertile men 
was significantly correlated with detrimental effects on 
spermnumber, motility, and penetration. Furthermore, 
IL-6 concentrations were demonstrated to be greater 
in infertile men with leukocytospermia than in fertile 


controls and infertile men without leukocytospermia 
[187,188]. Comhaire et al. also noted that IL-1 con- 
centrations were elevated in men with leukocyt- 
ospermia when compared to those in controls [185]. 
Interestingly, TNF-a, IL-1a, and IL-1 were all shown 
to stimulate significant production of ROS by sperm 
from fertile donors in an in-vitro setting [189]. 

Not all pro-inflammatory cytokines contribute to 
fertility difficulties in males with leukocytospermia. 
Naz et al. reported higher levels of IL-12 in fertile 
men than in infertile men with leukocytospermia 
[190] and infertile men without leukocytosper- 
mia [190,191]. IL-12, which is released by activated 
macrophages, has no currently known role in leuko- 
cytospermia-associated infertility. However, other 
signaling molecules associated with monocyte activ- 
ity, such as monocyte chemotactic and activating fac- 
tor (MCAF) and tissue factor (TF), have been shown 
to be elevated in semen of infertile men with leuko- 
cytospermia when compared with semen of infertile 
men without leukocytospermia and with that of fer- 
tile controls [187,188]. 

Lastly, certain cytokines antagonize the inflam- 
matory process and serve to regulate the immune 
response. Two such anti-inflammatory cytokines, IL-4 
and IL-10, were demonstrated to be significantly lower 
in infertile men with and without leukocytospermia 
than in fertile controls [178,184]. 

The studies described suggest that pro-inflam- 
matory cytokines are increased in infertile men with 
leukocytospermia and may impair sperm function, 
and they suggest an important role for both mono- 
cytes and lymphocytes in the pathophysiology of 
leukocytospermia. The release of cytokines from 
these cells activates the immune system, specifi- 
cally triggering the proliferation and activation of 
T lymphocytes, B lymphocytes, granulocytes, and 
macrophages. Ultimately, a cascade of inflammatory 
changes leads to impaired sperm function. 


Antisperm antibodies 

Antisperm antibodies (ASA) are present in 3-12% 
of men seeking evaluation at infertility clinics. ASA 
interfere with fertilization via several mechanisms: 
agglutination of sperm, prevention of cervical mucus 
penetration, and inhibition of sperm-oocyte interac- 
tion/fusion [192]. Production of ASA is postulated to 
result from three basic changes in the affected patient: 
namely, the breakdown of the blood-testis barrier, 
inoculation of the host with sperm antigens, and failure 
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of immunosuppression. Infections of the genital tract, 
such as acute and chronic prostatitis, are well-known 
risk factors for ASA generation [192]. However, the 
data regarding the risk associated with leukocytosper- 
mia are less well characterized. 

Wolff et al. noted no association between leuko- 
cytospermia (mAb) and ASA in 179 infertile patients 
[122]. These results have been corroborated by sub- 
sequent studies [126,193,194]. Gonzalez et al. also 
demonstrated no overall association between leuko- 
cytospermia and ASA [195]. However, the authors did 
note that in the setting of seminal vesicle dysfunction, 
infertile patients with leukocytospermia had a sig- 
nificant increase in ASA compared with patients with 
leukocytospermia and normal seminal vesicle function 
and patients without leukocytospermia. This suggests 
a possible association between seminal vesicle func- 
tion and immune regulation. 

Paschke and colleagues demonstrated in a cohort 
of 1189 men evaluated for infertility that leukocyto- 
spermia (peroxidase) was significantly correlated to 
mixed agglutination reaction (MAR) IgG and IgA 
results [196]. Other studies have reported a high 
prevalence of ASA in infertile men with leukocyt- 
ospermia [184,195]. Only Omu et al. distinguished 
between microbial and nonmicrobial (idiopathic) 
causes of leukocytospermia, and the authors noted a 
higher prevalence of ASA in men with microbial than 
in those with non-microbial leukocytospermia. Both 
groups had a higher prevalence of ASA than fertile 
controls. 

More recently, Eggert-Kruse et al. demonstrated 
that IgA antibodies against human 60 kDa heat shock 
protein (HSP60) were significantly associated with 
leukocytospermia (mAb) [197]. Heat shock proteins 
are chaperone proteins that respond to environmental 
stress and represent a cellular injury response mecha- 
nism. Antibodies against HSP may result in sperm that 
are more susceptible to oxidative stress, thus potentially 
contributing to infertility. Although Eggert-Kruse et al. 
reported that the presence of anti-HSP60 antibodies 
was not associated with abnormal semen parameters 
or sperm function, HSPs may represent another target 
of leukocytospermia pathology. HSP impairment may 
not be detected on routine semen analysis or sperm 
function testing, but it may result in impaired intracel- 
lular responses to oxidative stress. 

Humoral immunity mediated by T-helper and B 
lymphocytes (rather than granulocytes) drives the 
production of ASA, with B cells detected in 20-59% 


of semen samples of infertile patients [120,126]. Inthe 
testicular microenvironment, the release of cytokines 
such as IL-1, IL-2, and IL-6 (discussed above), together 
with T-helper cells, may activate and differentiate these 
localized B cells into plasma cells and induce produc- 
tion of ASA. 


Detection of leukocytospermia 


Currently, the WHO defines leukocytospermia 
as = 1 x 10° WBCs/mL semen. This recommenda- 
tion is derived from Comhaire’s threshold of 1 x 10° 
peroxidase-positive leukocytes per mL semen for the 
diagnosis of male adnexitis (male accessory gland 
inflammation) [4]. Several tests available to identify 
and quantify seminal leukocytes are discussed below. 


Histology/morphology 

Round cell counts 

The concept of “round cells” is important when con- 
sidering leukocyte quantification. Round cells refer 
to the similar morphology shared by both seminal 
WBCs and immature germ cells when viewed under 
phase microscopy. In a study of 108 males of infer- 
tile couples, Eggert-Kruse et al. demonstrated that 
a majority of round cells were immature germ cells, 
while less than 5% were WBCs (range 0-58%, median 
3%) [198]. Interestingly, Sigman and Lopes noted that 
in 627 men presenting for an infertility evaluation, 
leukocytospermia was present in 35% of semen sam- 
ples with excessive round cells (> 10/hpf or 1 x 10°/ 
mL) [23]. The authors concluded that the majority of 
patients with excessive round cells do not have leuko- 
cytospermia. However, the two are not mutually exclu- 
sive. Quantification of round cells by phase microscopy 
alone is not an accurate method for the determination 
of leukocytospermia. 


Bryan—Leishman 

The Bryan-Leishman stain was developed by Couture 
etal.in 1976 [199]. Comparison ofthe Bryan—Leishman 
test with immunohistochemistry overestimates lym- 
phocytes and underestimates granulocytes in semen 
smears [200]. 


Peroxidase/Endtz 

The peroxidase test, or Endtz test, was first described 
by Endtz in 1974. This test stains for the peroxidase 
enzyme present in granulocytes and thus measures 
only this subpopulation of the WBCs [118]. Because 
granulocytes are typically the most prevalent WBC 
found in semen, the peroxidase test is clinically 
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useful and recommended by the WHO for granulocyte 
detection [201]. 

In a study of 87 men undergoing an infertility 
evaluation and 25 controls, Potlich et al. demonstrated 
a robust correlation between peroxidase and immuno- 
histology for WBC enumeration (r = 0.70, P < 0.0001) 
[202]. However, the authors noted that WBC concen- 
trations as measured by immunohistology were sig- 
nificantly higher than those measured by peroxidase 
testing. In fact, leukocytospermia was detected in 8.9% 
of samples assayed by peroxidase, whereas this number 
rose to 15.2% of samples when immunohistology was 
employed. Overall, the peroxidase test had a sensitivity 
of 58.8% and a specificity of close to 100% when com- 
pared to the “gold standard” of immunohistology. 


Immunological techniques 

Immunohistology 

The “gold standard” for WBC detection and quantifica- 
tion is immunohistology. Immunohistology employs 
monoclonal antibodies (mAb) targeted against WBC 
surface markers [203]. For instance, antibodies directed 
against the common leukocyte antigen CD45 will 
detect granulocytes, macrophages, and lymphocytes. 
Additionally, mAb may be targeted against WBC sub- 
population-specific cell markers (e.g., CD15 detects 
granulocytes). Visualization methods of mAb-stained 
specimens often employ direct color contrasts between 
positive and negative cells (e.g., positive-red vs. nega- 
tive-blue). Alternatively, immunofluorescence (mAb- 
stained cells emit a colored light) may be utilized [204]. 
Overall, immunohistology provides the most accurate 
means of leukocyte detection and quantification. 


Flow cytometry 

Flow cytometry, when used in conjunction with mono- 
clonal antibodies, can provide rapid analysis of scant 
WBC subpopulations without purification proce- 
dures. Leukocytes, monocytes, and granulocytes are 
differentiated using the light-scatter properties of the 
WBCs and the density of the leukocyte marker anti- 
body, CD45. CD45 has low affinity for granulocytes, 
higher affinity for monocytes, and the highest affinity 
for lymphocytes. Ricci et al. demonstrated a strong cor- 
relation between flow cytometry (using mAbs against 
CD45 and CD53) and the peroxidase test (r = 0.619, P 
< 0.0001) and the elastase test (r = 0.542, P < 0.0001). 
When compared with flow cytometry, the peroxidase 
test had 58.8% sensitivity and a 92.8% specificity in 
detecting leukocytospermia, while the elastase test had 
a 78.8% sensitivity and 75% specificity [205]. 


Products of leukocytes/inflammatory markers 

Elastase 

Granulocyte elastase is an enzyme specific to activated 
granulocytes, and it can be detected in fresh or frozen- 
thawed seminal plasma by immunoassay. Elastase 
levels are generally categorized into three groups: 
< 250 ng/mL = no inflammation; 250-1000 ng/mL = 
intermediate range; and > 1,000 ng/mL = genital tract 
inflammation [119]. Wolff et al. found that elastase 
detection using ELISA correlated strongly with im- 
munohistochemical means of granulocyte detection 
[120]. Henkel et al. found a strong correlation between 
granulocyte elastase and ROS production (r=0.613, P= 
0.0001) [180]. Granulocyte-elastase assessment results 
in an objective measure of activated seminal granulo- 
cytes, but the large cost associated with using ELISA 
may deter its use. Furthermore, elastase indicates male 
adnexitis, and may therefore represent a better indica- 
tor of inflammation than seminal WBC counts. 


Chemiluminescence 
Chemiluminescence (CL) is an indirect method for 
leukocyte detection, as it quantifies leukocyte produc- 
tion of ROS. In its most basic form, CL involves a molec- 
ular probe (luminol), which emits light in the presence 
of ROS. A luminometer measures and quantifies this 
signal, which is proportional to the amount of ROS. 
Leino et al. demonstrated a high degree of correlation 
(r = 0.932, P< 0.001) between CL and peroxidase meth- 
ods for WBC detection [206]. Limitations of this tech- 
nique include the fact that CL is based on the metabolic 
products of viable cells only and the expense ofa lumino- 
meter, which may preclude widespread use of this assay. 
The above tests demonstrate the various methods of 
identifying leukocytospermia. The peroxidase test and 
granulocyte-elastase test appear to be useful screening 
methods for leukocytospermia detection. For more 
careful evaluation of leukocytospermia, immunohis- 
tochemistry is a highly accurate, but more timely and 
costly, method of leukocyte detection. 


Treatment of leukocytospermia 


Several treatment options exist to protect spermatozoa 
from the deleterious effects of leukocytes and therefore 
optimize semen quality. The four major pharmaco- 
logic approaches are antimicrobial therapy to treat 
clinical or subclinical infection, anti-inflammatory 
medications (such as COX-2 inhibitors), antioxidant 
therapy to minimize associated oxidative stress, and 
antihistamines to stabilize mast cells. 
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Antibiotics 

A great deal of evidence supports the use of antibiot- 
ics to reduce leukocytospermia. In addition to treat- 
ing infection, the goal of therapy is to restore sperm 
quality via an increase in sperm velocity, sperm 
number, percent motility, and total motile sperm. 
However, the use of antibiotics is not without risk. 
Many antibiotics have been implicated in negatively 
affecting fertility status. Nitrofurans, macrolides, 
aminoglycosides, tetracyclines, and sulfa drugs have 
all been linked to infertility. Schlegel et al. suggest that 
extrinsic factors, such as antibiotic use, may play a 
role in the 10-15% of couples demonstrating primary 
infertility [207]. 

Branigan et al. conducted a prospective cohort 
study of men experiencing unexplained infertility 
of at least one year’s duration [208]. Using a Bryan- 
Leishman stain, the authors identified those patients 
with WHO-defined leukocytospermia. Subjects were 
then randomly assigned to either a nontreatment 
group or a treatment group receiving 100 mg doxy- 
cycline twice daily for seven days, followed by 100 mg 
once a day for 21 days. The female partner of each male 
was treated simultaneously with 100 mg doxycycline 
twice daily for five days, followed by 100 mg once a day 
for five more days. The males were advised to ejaculate 
frequently (at least every third day). The authors found 
a 53% pregnancy rate (over six months) in female part- 
ners of leukocytospermic men who were responsive 
to treatment. This pregnancy rate was significantly 
higher than that of leukocytospermic men who did not 
respond to treatment (6%), leukocytospermic men who 
did not receive treatment (6%), and even men without 
leukocytospermia (12%). No statistically significant 
differences in sperm concentration, sperm motility, or 
percent normal sperm morphology were seen between 
the men who responded to treatment and the other 
groups, either before or after therapy. The authors con- 
cluded that leukocytospermia that responds to antibi- 
otic therapy is suggestive of a bacterial etiology [208], 
and this subgroup of leukocytospermic patients enjoys 
markedly improved pregnancy rates with antibiotic 
treatment. 

Yamamoto et al. examined 263 males attending 
an infertility clinic. Of these patients, 48 co-expressed 
both > 10 WBCs/hpf on EPS and > 1 x 10° WBCs/mL in 
semen [209]. These men then underwent randomiza- 
tion into either (1) no treatment, (2) trimethoprim 80 
mg, sulfamethoxazole 400 mg orally twice per day, or (3) 
trimethoprim 80 mg, sulfamethoxazole 400 mg orally 


twice per day, plus instruction to ejaculate at least once 
every three days for a month. The baseline frequency of 
ejaculation for all patients before initiation of the study 
was 5 + 1.3 times (range 2-10) per month. The authors 
found that after one month of treatment, 56% of men 
in group 2 and 76% of men in group 3 achieved resolu- 
tion of their leukocytospermia, compared to only 6.7% 
in the group 1, the no-treatment group. Resolution was 
significantly higher for both treatment groups when 
compared to group 1 by chi-square analysis (P < 0.05 
for group 2; P < 0.01 for group 3). While the authors 
reported an increase in frequency of ejaculation from 
5 to 10 times per month for patients in group 3 during 
the treatment phase, they did not report any data on 
frequency of ejaculation for patients in either group 1 
or group 2 during the treatment phase. Thus, frequency 
of ejaculation was not truly controlled for, which some- 
what limits our ability to draw conclusions regarding 
this parameter. 

Omu et al. examined the effects of antibiotics on 
semen parameters, seminal total antioxidant activ- 
ity, vitamins A and E, T-helper cytokines, and ASA in 
infertile men with leukocytospermia (hematoxylin/ 
eosin stain) and/or bacteriospermia [210]. Patients 
were identified as (1) leukocytospermic with seminal 
bacteria, (2) leukocytospermic without any seminal 
bacteria, and (3) fertile controls. Preceding treatment 
with antibiotics, sperm concentrations and sperm 
motility were significantly higher in fertile controls 
than in the two leukocytospermic groups. Also, total 
antioxidant activity was highest in the control group 
(3.2 + 1.4mmol/L), lower in the purely leukocytosper- 
mic group (1.7 + 1.3), and lowest in the bacteriosper- 
micand leukocytospermic group (1.1 + 0.3). Likewise, 
inflammatory T-helper cytokines (IL-8 and IL-2) were 
significantly higher in men with bacteriospermia 
and leukocytospermia than in controls, while anti- 
inflammatory IL-4 was higher in controls. ASA were 
more prevalent in the group with bacteriospermia and 
leukocytospermia than in the group with leukocyto- 
spermia only. Patients in group 1 received antibiotic 
therapy, and following treatment the authors found 
significant improvement in sperm concentration and 
motility. Antibiotic therapy also improved total anti- 
oxidant activity (P < 0.02) and reduced IL-2 (P < 0.03) 
and IL-8 (P < 0.05) levels, but increased IL-4 (P < 0.01). 
No differences in ASA levels were found. The authors 
concluded that antibiotic therapy benefits affected 
patients by reducing pro-inflammatory cytokines and 
oxidative stress. 
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Though these trials do show beneficial effects of 
antibiotics on the resolution of leukocytospermia, 
improvement in semen parameters, and increased 
pregnancy rates, some important points should be 
noted. The trials used basic histology, not peroxidase 
or mAb staining methods, to identify leukocytes. Also, 
the etiology of leukocytospermia is of importance (i.e., 
infection, abacterial, autoimmunity). Branigan et al. 
did not distinguish between men with or without bac- 
teriospermia, while Omu et al. treated only those with 
leukocytospermia and bacteriospermia and not those 
with leukocytospermia alone. 

Yanushpolsky et al. conducted a prospective ran- 
domized controlled study of leukocytospermic males 
and their partners who together had experienced unex- 
plained infertility and no evidence of genital infec- 
tion [128]. Identification of leukocytospermia was 
conducted in accordance with WHO standards using 
peroxidase testing. Subjects were randomly assigned 
to groups in which: (1) patients and their partners 
received 100 mg oral dose of doxycycline twice per day 
for 14 days, (2) patients and their partners received tri- 
methoprim 160 mg/sulfamethoxazole 800 mg orally 
twice per 14 days, or (3) patients received no therapy. 
The authors demonstrated no statistically significant 
differences in the WBC count between the two groups 
treated with antibiotics. Furthermore, Yanushpolsky 
et al. found that semen parameters did not statistically 
improve after antibiotic treatment; this led the authors 
to conclude that antibiotic treatment does not provide 
benefit to asymptomatic leukocytospermic males. 

Erel et al. conducted a randomized controlled 
trial of 70 male partners of infertile couples [211]. 
After detection of leukocytospermia (> 1x 10° WBCs/ 
mL) by peroxidase staining, subjects were randomly 
assigned to one of three groups: (1) a placebo group, 
(2) a group that received 100 mg of doxycycline twice 
a day for 10 days, and (3) a group that received 100 mg 
of doxycycline twice a day for 10 days plus two injec- 
tions of 0.5 g ceftriaxone intramuscularly. The authors 
found no statistically significant differences between 
the three groups for age, duration of infertility, sperm 
concentration, sperm motility, or sperm morphology 
at baseline. Following treatment, groups 2 and 3 had 
statistically significant reduction of WBC counts com- 
pared to baseline. However, there was no statistical 
difference in the resolution of leukocytospermia cases 
between treatment groups and the control group over 
a four-week period. Furthermore, antibiotic treatment 
did not improve sperm concentration, motility, or 


morphology. This suggests that while antibiotics may 
help improve seminal WBC concentrations, the treat- 
ments do not lead to improved semen parameters in 
asymptomatic leukocytospermic males. 

The studies by Yanushpolsky et al. and Erel et al. 
both employed peroxidase staining of leukocytes 
and were structured as randomized controlled trials. 
Overall, these two studies demonstrate better method- 
ology than the studies advocating the use of antibiot- 
ics. Furthermore, the choice of antibiotics is another 
important issue that must be considered when review- 
ing these studies. Most of the above trials employed a 
predetermined, empiric treatment regimen, whereas 
Omu et al. used culture sensitivities to guide therapy. 
In summary, the efficacy of antibiotic treatment for 
isolated leukocytospermia remains in question. 


COX-2 inhibitors 

Recently, Lackner et al. conducted a prospective non- 
randomized study examining the use of cyclooxygen- 
ase-2 (COX-2) inhibitors in 12 patients with abacterial 
leukocytospermia [212]. COX-2 inhibitors are anti- 
inflammatory medications that inhibit prostaglandin 
production. The patients were treated with valdecoxib 
20 mg/day for two weeks. Following treatment, the 
authors found a reduction in leukocyte concentration 
from 5.5 x 10° WBCs/mL (interquartile range 3.3-6.8) 
to 1.0 x 10° WBCs/mL (interquartile range 0.3-2.0) (P 
< 0.001). Furthermore, sperm count was significantly 
increased, though motility and morphology did not 
improve. Though the study was small, these results 
suggest a beneficial role for COX-2 inhibitors in 
patients with abacterial leukocytospermia. 


Antioxidants 

Vicari et al. conducted a prospective study of men 
with chronic, abacterial prostatovesiculoepididymitis 
(PVE) [213]. Concurrently, subjects were also experi- 
encing infertility of a median duration of seven years, 
as well as persistent leukocytospermia according to 
WHO standards. Subjects were randomly assigned 
to one of four groups: (1) carnitine therapy for four 
months, (2) nonsteroidal anti-inflammatory drugs 
(NSAIDs) for four months, (3) NSAIDS for two 
months followed by carnitine therapy for two months, 
and (4) NSAIDs simultaneously with carnitines for 
four months. Following treatment, the authors dem- 
onstrated improved sperm viability (%) and reduced 
seminal leukocyte concentration in all groups com- 
pared with pretreatment values. Interestingly, group 3 
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not only had the highest percentage of viable sperm but 
was also the only treatment group to demonstrate sig- 
nificantly increased forward motility (%). These effects 
observed in group 3 were complemented by the highest 
reduction of ROS production. Concomitant use of car- 
nitines alongside NSAIDs in group 4 was less effective 
at reducing ROS. Lastly, and perhaps most importantly, 
group 3 had the highest pregnancy rate (P < 0.01). 
While the literature regarding carnitine use in male 
infertility has been disappointing overall, this study 
suggests the use of carnitine following pretreatment 
with NSAIDs helps to optimize semen parameters, 
possibly by decreasing ROS. Additional studies need 
to be undertaken to corroborate the above findings. 


Antihistamines 

Recently, Olivia and Multigner conducted an open, 
noncontrolled study of 55 men identified as having 
leukocytospermia (> 1 x 10° WBCs/mL) by Giemsa 
staining [214]. After a 12-week course of ketotifen, 
these men were found to have reduced seminal WBC 
counts. Ketotifen is an antihistamine-like drug with 
mast cell stabilizing effects that inhibits WBC degranu- 
lation and the release of inflammatory mediators. After 
four weeks of ketotifen at 1 mg twice a day, the authors 
reported a reduction of WBCs from 5 x 10° WBCs/mL 
(interquartile range 2-6) to 0 WBCs/mL (P < 0.0001). 
Following therapy, sperm motility and sperm mor- 
phology significantly improved from pretreatment 
values. Olivia and Multigner did not find any differ- 
ences between seminal volume, sperm concentration, 
and sperm count from ketotifen treatment after the 
12-week therapy. 


Spinal cord injury and leukocytospermia 


Every year there are approximately 10 000 new cases of 
spinal cord injury (SCI) in the United States; the major- 
ity of victims are males in their reproductive years 
[215]. SCI results in impaired sexual function and fer- 
tility due to erectile dysfunction, ejaculatory dysfunc- 
tion, and poor semen quality. Regardless of the level 
and extent of SCI, semen analyses of male patients 
with SCI generally demonstrate normal sperm count 
with decreased motility and viability [216,217]. 
Though considerable debate exists as to the etiology 
of sperm impairment, the observed adverse changes 
are likely multifactorial and secondary to stasis of 
semen/sperm, scrotal hyperthermia, UTIs, ejacula- 
tory reflux of urine, SCI-related testicular atrophy, 
SCI-related hypothalamic-pituitary-gonadal axis 


dysfunction, abnormal semen composition, and leu- 
kocytospermia [218]. 

Aird et al. compared the semen of nine men with 
chronic SCI (> 1 year) obtained via electroejacula- 
tion (both antegrade and retrograde) to semen from 
healthy donors [219]. Using monoclonal antibodies 
against leukocytes, the authors concluded that the 
increased percentage of leukocytes in semen of males 
with SCI was the result of concomitant UTIs, espe- 
cially in retrograde samples. Furthermore, impair- 
ment of motility was not correlated with the number 
of leukocytes. Finally, granulocytes and macrophages 
were the predominant leukocyte subtypes, and the 
proportion of leukocytes in the semen of males with 
SCI was not related to level, extent, or duration of SCI. 
It should be appreciated that quality of retrograde 
semen samples is considered inferior to that of ante- 
grade samples [220,221]. In a similar study, Trabulsi 
et al. compared antegrade semen samples (electro- 
ejaculation) of 17 males with SCI free of UTIs to age- 
matched controls [222]. The authors reported that the 
semen of men with SCI had significantly elevated total 
WBC-to-sperm ratios, granulocyte-to-sperm ratios, 
and macrophage-to-sperm ratios compared to semen 
of the control population. While this study demon- 
strated increased leukocytes in the semen of male SCI 
patients in the absence of UTI, the effects of increased 
leukocytes on semen parameters and sperm function 
were not assessed. Basu et al. also examined antegrade 
semen samples from 12 male patients with SCI free of 
UTIs compared with samples from eight healthy age- 
matched controls [223]. Unlike investigators in the 
previous studies, the authors used penile vibratory 
stimulation, not electroejaculation, for semen collec- 
tion in men with SCI. Electroejaculation has been asso- 
ciated with decreased semen quality [217,220]. Flow 
cytometry was employed to detect seminal leukocytes. 
The authors found similar sperm concentrations in 
both groups, but impaired sperm motility and viabil- 
ity in the semen of men with SCI when compared with 
that of controls. Men with SCI also had significantly 
increased leukocytes, which were predominantly acti- 
vated T-helper lymphocytes. Mature granulocytes 
were also significantly elevated in the semen of men 
with SCI. 

As mentioned previously in this chapter, leukocyte- 
induced damage of sperm may be mediated by ROS. 
Interestingly, de Lamirande et al. demonstrated that 
men with SCI have higher levels of seminal ROS than 
infertile men without SCI and healthy controls [154]. 
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Furthermore, there was an inverse correlation between 
percentage motility and ROS in men with SCI. These 
data are corroborated by Padron et al., who demon- 
strated that men with SCI had decreased sperm motil- 
ity, impaired sperm morphology, increased seminal 
leukocytes (peroxidase test), and elevated ROS (chemi- 
luminescence) when compared with healthy controls 
[224]. The levels of seminal ROS in men with SCI were 
also negatively correlated with sperm motility (r = 
-0.46 to -0.49, P = 0.02). Together, these studies sug- 
gest an important role for ROS in leukocyte-mediated 
sperm damage in men with SCI. 

Collectively, the studies suggest that abnormal 
concentrations of leukocytes are a common finding 
in the semen of men with SCI. While the etiology of 
leukocytospermia is unclearin these men, the elevated 
concentration of WBCs may have a detrimental effect 
on sperm motility and viability through the produc- 
tion of ROS. Recently, Randall et al. reported that the 
prostates of men with both SCI and leukocytospermia 
do not harbor increased inflammatory changes, sug- 
gesting that the prostate is not the source of seminal 
leukocytes [225]. Indeed, other genital tract changes 
related to SCI may be driving the leukocyte response. 


Prostatitis, male infertility, and 
leukocytospermia 


The effect of prostatitis on male fertility is controversial. 
Much of this confusion is due to different classification 
systems and methods of diagnosis employed in various 
studies. Prior to the NIH classification system, several 
studies demonstrated decreased semen parameters 
in men with CP/CPPS. Christiansen et al. reported 
decreased sperm concentration, motility, morphology, 
and viability, and increased incidence of leukocyto- 
spermia, in men with chronic abacterial prostatove- 
siculitis versus controls (P < 0.001) [226]. However, 
leukocytospermia was not predictive of abnormal 
semen quality. These data are corroborated by Lieb et 
al., who also noted decreased sperm motility and mor- 
phology, and increased WBC concentration (Giemsa 
stain), in patients with CP/CPPS (NBP and Pd) ver- 
sus controls (P < 0.05) [227]. In comparison to Leib, 
Krieger et al. examined differences in semen param- 
eters between patients with NBP and Pd. The authors 
only noted decreased sperm motility in patients with 
NBP versus those with Pd [228]. Conversely, Weidner 
et al. did not report a difference in semen param- 
eters among patients with CBP, NBP, Pd, or controls. 


However, patients with CBP and NBP had significantly 
increased leukocytes (peroxidase) [229] (P < 0.001). 

Since the introduction of the NIH classification, 
several authors have revisited this topic. Much of this 
research has focused on type III prostatitis or CP/CPPS. 
Pasqualotto et al. demonstrated that men with type IN 
prostatitis had elevated seminal oxidative stress (ROS- 
TAC) versuscontrols [230]. Furthermore, sperm motility 
was impaired only in type III patients with leukocyt- 
ospermia (peroxidase). Menkveld et al. demonstrated 
no difference in sperm concentration, motility, viability, 
and WHO morphology criteria between patients with 
type III prostatitis and controls [231]. However, further 
morphological investigation demonstrated that men 
with type IITA had significantly elevated, elongated sper- 
matozoal forms compared to those of controls. Taken 
together, elevated oxidative stress secondary to prostatic 
inflammation may be one mechanism for prostatitis- 
associated infertility. This is especially relevant for type 
IIIA prostatitis. However, Ludwig et al. found no asso- 
ciation between leukocytospermia (peroxidase) and 
impaired semen parameters in men with type III prosta- 
titis [176]. A more recent study by Motrich et al. suggests 
that an autoimmune response to prostatic antigens may 
result in infertility in men with type III prostatitis [232]. 
Further research is needed to delineate the relationship 
between CP/CPPS and male infertility. 


Conclusion 


In this chapter, we set out to provide a state-of-the-art 
overview of the impact of inflammation and infection 
on male reproductive function. The complex relation- 
ship between infection, inflammation, and male fer- 
tility has been incompletely elucidated to date. The 
literature clearly demonstrates that many organisms are 
pathogenic to male reproduction, sometimes rendering 
men severely and permanently debilitated in terms of 
fertility potential. Numerous studies have also shown 
that monocyte and T-lymphocyte release of cytokines 
stimulates B-cell production of ASA and granulocyte 
production of ROS and elastase, with detrimental 
effects on semen quality and sperm function. Patients 
with infection and inflammation of the genital tract are 
quite heterogeneous in terms of underlying etiologies 
and responses to therapy. While many excellent studies 
describing treatment outcomes with various therapies 
have been reported in this chapter, additional prospec- 
tive, randomized clinical trials with clearly defined 
patient populations are needed to help clarify which 
treatments are truly beneficial and cost-effective. 
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Introduction 


A varicocele is a dilation of the pampiniform plexus. 
Although the varicocele is generally regarded as the 
most common treatable cause of male infertility, it 
continues to be the focus of controversy. When does 
the varicocele cause male infertility? How should one 
diagnose a varicocele? If a varicocele does in fact cause 
infertility, how does it adversely affect spermatogen- 
esis? When should varicoceles be corrected? And lastly, 
what is the best means of correcting a varicocele? 

The incidence of varicoceles in the general popu- 
lation has been reported to be approximately 20% [1], 
but as many as 40% of men being evaluated for infer- 
tility have varicoceles [2]. The higher incidence of 
varicoceles in subfertile men has led to the belief that 
varicoceles cause infertility [3], and thisbeliefhas been 
supported by the documented beneficial effects of 
varicocelectomy [4-7]. Improvement in semen analy- 
ses [4-7], testicular size [8], and testicular histology 
have each been observed after varicocelectomy [9,10]. 
Analysis of reports reviewing thousands of infertile 
patients treated with varicocelectomy indicates that 
50-80% of patients experience an improvement in 
semen variables, with 30-40% of patients initiating a 
pregnancy after the procedure. Nevertheless, skepti- 
cism has persisted, because the deleterious effects of 
the varicocele on spermatogenesis, as well as the ben- 
eficial effects after varicocelectomy, are unpredict- 
able. The variable effect of the clinical varicocele has 
engendered further debate regarding the significance 
and treatment of the varicocele in the adolescent 
population. Those minimizing the importance of the 
varicocele have become emboldened by the improved 
success rates that are achieved by assisted reproduc- 
tive techniques. The debate between those treating 
male infertility and reproductive endocrinolo- 
gists has been codified by the phrase, “to treat or to 
cure? 


This chapter reviews the current concepts andongo- 
ing controversies regarding the pathophysiology, diag- 
nosis, significance, and treatment of the varicocele. 


Historical perspective 


The varicocele and its association with infertility have 
been recognized for centuries. Celsius, in the first cen- 
tury AD, first described dilation of the scrotal veins 
and noted an association between the presence of 
a varicocele and testicular atrophy. The first notion 
that varicoceles were related to infertility appeared in 
1856 when Curling reported that the testicle exhib- 
ited a decrease in the “secreting powers of the gland” 
when a varicocele was present [11]. In 1885, Barwell 
observed that the ipsilateral testis in patients with left- 
sided varicoceles was small and soft, and noted that 
the placement ofa wire loop around the dilated scrotal 
veins was followed by the return of a normal-feeling 
testis [12]. However, the beneficial effects of varicocele 
ligation on male reproduction were not truly appre- 
ciated until 1889, when Bennet performed bilateral 
varicocelectomy in a patient who subsequently ex- 
perienced improvement in semen quality [13]. In 
1929, Macomber and Sanders reported in the New 
England Journal of Medicine the case of an oligosper- 
mic subfertile patient who underwent varicocele 
repair and became normospermic and fertile [14]. It 
was not until 1955, when Tulloch reported the results 
of a series of infertile men treated by varicocelectomy, 
that the procedure became the mainstay of treatment 
for male infertility [15,16]: Since then, a causal rela- 
tionship between the varicocele and impaired fer- 
tility has been assumed. Numerous uncontrolled 
studies have confirmed improved semen quality and 
pregnancy following varicocelectomy [5,17,18]. The 
literature supporting the efficacy of varicocelectomy 
has been criticized, and will be fully reviewed below 
(see section on outcomes). 
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Recently, the World Health Organization assessed 
the influence of varicoceles on variables of fertil- 
ity. This study identified varicoceles in 25.4% of men 
with abnormal semen compared with 11.7% of men 
with normal semen. The varicocele was associated with 
decreased testicular volume, impaired semen quality, 
and abnormal Leydig cell function [3]. Although effi- 
cacy of varicocelectomy was not addressed by this 
report, the varicocele continues to be recognized 
as the major surgically correctable cause of male 
infertility. 

In spite of the ongoing controversy, varicoceles con- 
tinue to be considered an important cause of male infer- 
tility. Varicocelectomy is widely accepted as an effective 
treatment, which results in significant improvement in 
semen parameters in a large percentage of men and 
improved spontaneous pregnancy rates. 


Etiology and anatomy 


As previously noted, varicoceles are dilations of the 
pampiniform plexus. Clinically, varicoceles occur most 
commonly as isolated left-sided lesions (75-95%). 
Although the incidence of bilateral varicoceles has 
historically been reported to be approximately 10%, 
recent data have indicated bilaterality in 30-80% of 
cases [7,16,19]. The isolated right-sided varicocele is 
uncommon, and causes concern regarding the possi- 
bility of an underlying retroperitoneal abnormality. 
The apparent predisposition for the development of 
varicoceles on the left has been explained by the anat- 
omy of the internal spermatic system. The left internal 
spermatic vein drains perpendicularly into the left 
renal vein, taking a course that is approximately 8-10 
cm longer than the course of the right internal sperm- 
atic vein, which enters the vena cava. The greater length 
of the left internal spermatic vein results in increased 
hydrostatic pressure when the patient is in the upright 
position, thereby overcoming valvular mechanisms 
and resulting in backflow, venous dilation, and varico- 
cele formation. Additionally, the right-angle insertion 
of the left spermatic vein into the renal vein allows for 
the direct transmission of left renal vein pressure to the 
spermatic vein. On the other hand, the right sperm- 
atic vein enters the vena cava at an oblique angle, pro- 
tecting the vessel from pressure elevations within the 
inferior vena cava [20]. Shafik and Bedeir measured 
bilateral venous pressures in 30 control and 32 vari- 
cocele patients standing and performing a Valsalva 
maneuver [21]. The mean internal spermatic ven- 
ous pressure in the varicocele group was 19.7 mmHg 


greater in the standing position and 22 mmHg greater 
during the Valsalva maneuver than the pressures meas- 
ured in the control group [22]. This finding supports 
the hypothesis that the varicocele is associated with 
increased hydrostatic pressures. The assumption of a 
standing position results in overcoming the valvular 
system of the internal spermatic vein and can result 
in the formation of a varicocele. 

Increased hydrostatic pressure within the left inter- 
nal spermatic vein may also result from compression 
of the left renal vein between the superior mesenteric 
artery and aorta, the so-called “nutcracker” phenom- 
enon. Buschi and colleagues studied the anatomy 
of the left renal vein with computerized axial tomo- 
graphy scans and reported marked narrowing of the left 
renal vein as it crossed the aorta [23]. Proximal venous 
dilation was noted in 70% of all subjects, regardless 
of the presence or absence of a varicocele. Coolsaet 
supported this finding venographically, demonstrat- 
ing compression of the left renal vein in 37 (55%) of 
67 patients with a varicocele [24]. Whether renal vein 
compression is of clinical significance has not yet been 
demonstrated. It is likely that there may be several 
mechanisms by which varicoceles occur. 

In an autopsy series reported in 1966, Ahlberg et 
al. demonstrated the potential significance of valvu- 
lar abnormalities in the etiology of the varicocele 
[25]. They reported the absence of valves within the 
left internal spermatic vein in all cadavers with vari- 
coceles, and the presence of numerous valves within 
the internal spermatic vein in all cadavers without 
varicoceles. They also found that the absence of valves 
was less common in the right internal spermatic vein. 
However, radiographic studies have demonstrated the 
right spermatic vein to reflux in 40-80% of patients 
with clinical left-sided varicoceles [18,26-28]. Thus 
the absence or incompetence of valves appears to play 
a role in the etiology of the varicocele. Since humans 
evolved to assume an upright position, these mecha- 
nisms may explain the development of the varicocele. 

Although most varicoceles are thought to be related 
to abnormalities of the internal spermatic venous sys- 
tem, dilation of the external cremasteric system may 
also be clinically significant. Coolsaet demonstrated 
that partial obstruction of the left common iliac vein 
results in dilation of the external spermatic (cremas- 
teric) venous system and pampiniform system [24] 
and, asa result, this pathway must be taken into consid- 
eration during varicocele repair. Chehval and Purcell 
carefully examined the external cremasteric vessels 
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in 96 successive varicocele repairs performed via the 
inguinal approach [29]. The external cremasteric vein 
is normally 2-3 mm in diameter in the adult without 
a varicocele. Therefore, any vein greater than 4 mm in 
diameter was thought to be abnormally dilated and was 
ligated. Intraoperative examination revealed external 
cremasteric vein dilation greater than 4 mm in 49.5% 
of the varicoceles. If overlooked, persistence of the 
varicocele might have resulted. Therefore, they recom- 
mended routine inspection and ligation of the external 
cremasteric vein in all cases. Although the physiologic 
significance of these vessels has not been established, 
this concept has been widely embraced and has been 
invoked as a reason that the inguinal or subinguinal 
approach to varicocelectomy is preferable. 


Pathophysiology 

Many hypotheses have been proposed to explain the 
mechanism by which a varicocele may exert a deleteri- 
ous effect on spermatogenesis and fertility. This quan- 
dary is further complicated by the fact that unilateral 
lesions appear to affect spermatogenesis bilaterally. 
However, recent data demonstrate that although uni- 
lateral varicoceles affect spermatogenesis, as evidenced 
by improved semen parameters after varicocelectomy, 
bilateral varicoceles and varicocelectomies are associ- 
ated with even greater improvement [30]. This would 
appear to suggest a size-dependent effect of the vari- 
cocele on spermatogenesis. The presence of bilateral 
varicoceles may be one manifestation of a clinically 
severe varicocele. In this study, patients with bilateral 
varicoceles had a higher number of grade 3 varicoce- 
les (21% vs. 9.6%). Importantly, patients undergo- 
ing bilateral varicocelectomy experience a greater 
improvement in sperm density and motility [30]. 
Though it did not significantly impact the results of 
the study, this information suggests that patients with 
larger varicoceles are predisposed to formation of 
varicoceles on the contralateral side. Collateral path- 
ways to the contralateral side can be found by way of 
the pudendal and cremasteric veins. 

Many of the theories of the pathophysiology of 
the varicocele are based upon the fact that in the pres- 
ence of a varicocele venography demonstrates reflux of 
blood from the renal vein to the spermatic vein [26]. 
It has been hypothesized that the reflux of metabolic 
by-products of the adrenal glands and kidneys has a 
toxic effect on testicular function. A number of stud- 
ies have examined potential differences between serum 
concentrations of various substances in the internal 


spermatic vein and the peripheral venous circula- 
tion. Ozbek et al. reported elevated levels of adreno- 
medullin in the internal spermatic vein of normal men 
compared with brachial vein levels in men with varic- 
ocele [31]. Adrenomedullin is a vasodilatory peptide 
secreted by the adrenal gland. Cohen et al. [32] and 
Comhaire and Vermeulen [33,34] reported increased 
catecholamine levels in the internal spermatic vein 
of patients with varicoceles. Other investigators were 
unable to confirm this finding [35-37]. Cortisol levels 
from the internal spermatic vein and peripheral venous 
blood of subfertile males have been found to be similar 
[36,38]. Ito et al. noted an elevation of prostaglandin 
E and prostaglandin F in the internal spermatic vein 
in patients with varicoceles [39]. Cockett et al. demon- 
strated higher levels of prostaglandin F, and serotonin 
in the spermatic veins of patients with varicoceles [4]. 
Although prostaglandins have been shown to have an 
antispermatogenic effect in animal models [40], their 
role in the pathophysiology of the varicocele remains 
to be defined. Harrison and colleagues investigated the 
role of adrenal reflux by creating experimental vari- 
coceles in rhesus monkeys [41]. They reported that left 
adrenalectomy at the time of experimental varicocele 
induction did not alter the development of varicocele- 
related testicular changes. Turner and Lopez showed 
similar results in rats with experimentally induced vari- 
coceles with or without left adrenalectomy [42]. Thus 
the adrenal gland metabolites and products do not 
appear to play a part in the effects of the varicocele on 
spermatogenesis. The role of renal metabolites, how- 
ever, has not been systematically investigated. 


Hormonal dysfunction 


Altered testicular steroidogenesis has also been pro- 
posed as a mechanism by which the varicocele exerts 
its deleterious effects on spermatogenesis. Early reports 
by Comhaire and others have reported decreased 
plasma testosterone levels in patients with varicoceles 
[27,28]. Other investigators have shown that testoster- 
one levels in peripheral venous or internal spermatic 
vein blood of patients with varicocele do not differ 
from those of normal men [25,36,43]. Swerdloff and 
Walsh evaluated the hypothalamic-pituitary-gonadal 
axis in patients with varicoceles [43]. There were sig- 
nificant differences in the unstimulated serum estra- 
diol, follicle-stimulating hormone (FSH), luteinizing 
hormone (LH), and testosterone levels between infer- 
tile patients with varicoceles and controls. Pasqualotto 
et al. observed that FSH levels were significantly higher 
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in infertile men with varicoceles (7.8 + 7.6 IU/L) than 
in fertile men with varicoceles (3.5 + 2.1 IU/L) or in 
fertile men without varicoceles (3.5 + 1.9 IU/L) [44]. 
In their study, the testosterone levels did not differ. 
Most studies have not demonstrated a significant clin- 
ical correlation between varicoceles and decreased FSH 
levels. Gat and colleagues noted that both testosterone 
and free testosterone levels increased significantly after 
treatment of varicocele by embolization of the internal 
spermatic vein [45]. Although Su et al. have reported 
that testosterone levels are decreased in men with vari- 
coceles, they did not suggest that this decrease results 
in abnormal spermatogenesis [46]. 

Hypothesizing that the adverse effects of varico- 
celes are related to disturbed hypothalamic- 
pituitary-gonadalaxisfunction, numerousinvestiga- 
tors have looked at gonadotropin-releasing hormone 
(GnRH) stimulation tests to predict response to vari- 
cocelectomy. O’Brien et al. were unable to demonstrate 
a correlation between a positive GnRH stimulation test 
and response to varicocelectomy, defined as semen 
parameter improvement or increased pregnancy rates 
[47]. Guarino, Tadini, and Bianchi reported that ele- 
vated basal and GnRH-stimulated FSH levels were asso- 
ciated with impaired preoperative semen parameters 
when compared to those in adolescents with varico- 
celes and normal semen parameters [48]. The authors 
advocate using FSH and GnRH stimulation to identify 
adolescents for varicocele repair. However, Fisch et al. 
concluded that elevated FSH levels in conjunction with 
an increased response to the GnRH stimulation test 
may represent a normal physiological response during 
adolescent development [49]. 

Although the varicocele may be associated with 
a subtle alteration in the hypothalamic-pituitary— 
gonadal axis, whether this is the mechanism of the 
effect of the varicocele or the result of the primary 
pathophysiologic effect of the varicocele is unclear. 


Hypoxia and reactive oxygen species 

Recently hypoxia and reactive oxidative species have 
been a focus of pathophysiology research. Human and 
experimental data suggest that apoptosis, hypoxia, 
and reactive oxygen species play a role in the patho- 
physiology of varicocele. In a rat varicocele model, 
Barqawi et al. demonstrated increased apoptosis in 
germ cells of varicocele animals compared to con- 
trols [50]. The findings of this small study were not 
statistically significant but questioned the role of 
apoptosis in the pathophysiology of the varicocele. 


An earlier study by Nagler et al. showed increased 
microvascular hemodynamics in the varicocele in an 
experimental animal model [51]. Kiling et al. exam- 
ined hypoxia-inducible factor 1a (HIF-1a) [52]. This 
study evaluated microvessel density (MVD) increases 
as a measure of angiogenesis in response to hypoxia. 
Animals with experimentally induced varicoceles had 
a higher MVD, HIF-1a, and positive stained vascular 
endothelial growth factor (VEGF) when compared 
to animals subjected to sham surgery and control 
animals. This study demonstrates that experimental 
varicoceles induce hypoxia and angiogenesis. Lee et al. 
showed a sevenfold increase in internal spermatic 
vein levels of HIF-1a expression in patients undergo- 
ing varicocelectomy as compared to hernia (control) 
patients [53]. 

Varicoceles may also affect reactive oxygen spe- 
cies generation, rendering the testicle and/or the 
sperm unable to handle oxidative stress, and result- 
ing in reactive oxygen species buildup. Hydrogen 
peroxide, free radicals, and superoxide anions have 
been reported in both semen and testicular biopsy 
specimens [54]. Hendin et al. analyzed spermatozoal 
reactive oxygen species and seminal plasma antioxi- 
dant capacity in men with varicocele and in controls 
[55]. Their data suggest that elevated reactive oxygen 
species and diminished total antioxidant capacity are 
associated with varicoceles. Since fertile and infertile 
men with varicoceles had the same changes, it is not 
clear whether these changes are related to the patho- 
physiology of the varicocele or its impact on fertility. 
Nitrotyrosine is another marker of oxidative stress. 
Romeo et al. found that adolescents with grade 2 and 
3 varicoceles had similar peripheral plasma nitrotyro- 
sine concentrations when compared to controls, even 
though nitrotyrosine levels in the spermatic veins were 
significantly elevated [56]. Shiraishi and Naito investi- 
gated the evidence of oxidative stress in men with vari- 
coceles versus controls undergoing testes biopsy [57]. 
They found that patients with a varicocele hadincreased 
expression of 4-hydroxy-2-nonenal (4-HNE)-modified 
proteins, indicating the presence of oxidative stress and 
increased heme oxygenase 1, which is thought to fight 
oxidative stress in Leydig cells. 

Oxidative stress has also been investigated as a 
mechanism by which DNA fragmentation is increased 
in association with varicoceles. Smith et al. found 
higher DNA fragmentation indices and positive 
TUNEL (terminal dUTP nick end-labeling) assays in 
patients with varicoceles than in controls. In addition, 
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reactive oxygen species levels were also higher in the 
varicocele group [58]. 


Apoptosis 

Since toxic agents and heavy metals accumulate in 
tissues undergoing apoptosis, several investigators 
have examined testicular tissue heavy-metal content 
in men with varicoceles [59]. In particular, cadmium 
has been implicated as a mediator of the toxic effects of 
cigarette smoking [60]. This heavy metal has also been 
detected both in animals with experimental varico- 
celes and, subsequently, in the seminal plasma of men 
with varicoceles. Benoff et al. demonstrated that higher 
levels of cadmium and apoptosis were present in the 
seminiferous tubules of men with varicoceles than in 
men with obstructive azoospermia. These abnormali- 
ties were also found in the contralateral testes even in 
men with isolated left varicoceles [61]. The authors 
suggested that cadmium levels are an indicator of a tis- 
sue’ inability to handle oxidative stress, and that the 
buildup of the toxic metal exacerbates the deleterious 
effects of the varicocele. In addition, these authors 
suggested that cadmium levels and apoptosis rates 
may identify those patients with varicocele who have 
experienced irreversible testicular damage. This asser- 
tion remains controversial. 


Hyperthermia 


Thedetrimental effect ofelevated temperature on sperm 
production was first noted by MacLeod and Hotchkiss 
in 1941 [62]. Further investigation was undertaken in 
1973 by Zorgniotti and MacLeod [63], who compared 
scrotal temperatures in 50 oligospermic infertile vari- 
cocele patients with those of 35 control subjects. The 
control subjects had intrascrotal temperatures that 
were 0.6-0.8 °C lower than the intrascrotal tempera- 
tures of patients with varicoceles. Agger and Johnsen 
expanded on this study by measuring scrotal tempera- 
tures before and after varicocelectomy [9]. They found 
no difference in the scrotal temperatures in patients 
with preoperative sperm concentrations greater than 
50 million/mL. However, the subpopulation of patients 
who had preoperative sperm concentrations less than 
50 million/mL and postoperative counts greater than 
50 million/mL experienced a decrease in scrotal tem- 
peratures of 0.5 °C after varicocelectomy. 

Lewis and Harrison, using scrotal thermographic 
techniques, demonstrated higher scrotal temperatures 
in patients with varicoceles and abnormal sperm- 
atogenesis than in patients with varicoceles and normal 


semen analyses [10]. Comhaire and colleagues con- 
firmed this observation, reporting increased scrotal 
temperatures in 37 of 39 patients with varicoceles and 
abnormal spermatogenesis [28]. However, an interest- 
ing study by Mieusset et al. showed that all infertile 
men with abnormal spermatogenesis, with or without 
a varicocele, had elevated testicular scrotal tempera- 
tures [64]. Goldstein and Eid measured intratesticular 
and scrotal temperatures in men with varicoceles [65]. 
They found that, on average, temperatures in the tes- 
ticle and both sides of the scrotum were elevated in 
men with unilateral varicoceles, confirming the find- 
ings of multiple animal studies. Jung et al. showed a 
positive effect on motility, morphology, and concen- 
tration of sperm by using an external scrotal cooling 
device [66]. While men with elevated scrotal temper- 
atures with or without varicoceles may suffer similar 
effects, the pathophysiology of the varicocele remains 
closely related to alterations in temperature. 

Although research continues in the quest to 
understand the pathophysiology of the varicocele, 
definitive evidence remains elusive. 


Testicular pathology associated with 


the varicocele 


Although the etiology and pathophysiology of the vari- 
cocele remain enigmatic, gross testicular alterations 
associated with the varicocele are well documented. The 
earliest descriptions of the varicocele note its associa- 
tion with decreased testicular size [12,13]. The testes of 
subfertile males with varicoceles generally exhibit some 
degree of atrophy [67]. Marks and colleagues reported 
that 77% of subfertile patients with a varicocele had 
either unilateral or bilateral testicular atrophy [68]. 
Lipshultz and Corriere, using caliper measurements, 
showed that both the right and left testes of patients 
with varicoceles were significantly smaller than tes- 
tes of patients with idiopathic oligospermia or those 
of normal patients [67]. It has been well documented 
that varicoceles are associated with macroscopic and 
microscopic testicular alterations. These changes are 
observed bilaterally even in the presence of unilateral 
clinical varicoceles [69]. 

Microscopic examination of both the right and left 
testes in patients with unilateral varicoceles and oli- 
gospermia shows thinning and sloughing of the ger- 
minal epithelium [70]. Spermatogenic arrest in the 
late spermatid stage may also be observed. Electron 
microscopic evaluation has demonstrated maturation 
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arrest at the primary spermatocyte level, maloriented 
spermatids, and structurally abnormal Sertoli cell- 
germ cell junctional complexes [71-74]. These struc- 
tural changes have been seen only in the adluminal 
compartment, with the Sertoli-Sertoli cell junctions 
remaining unchanged. Hadziselimovic et al. studied 
testicular biopsies of infertility patients with idiopathic 
left varicoceles and found endothelial proliferative 
lesions of the capillaries at the ultrastructural level 
[75]. These endothelial changes preceded the testicu- 
lar tubular damage. The reversibility of these changes 
postoperatively emphasized the deleterious effects of 
the varicocele as well as the potential benefit of vari- 
cocelectomy in the treatment of the infertile male. 

The effect of varicocelectomy on testicular histol- 
ogy was documented in a classic study by Johnsen and 
Agger [76]. These authors compared preoperative and 
postoperative testes biopsies in patients with vari- 
coceles who were infertile and in patients with vari- 
coceles who were fertile. This “masked” study showed 
that the infertile group had a significant increase in the 
number of seminiferous tubules containing “numer- 
ous” spermatozoa after varicocelectomy. Subsequent 
investigators have also demonstrated that gross and 
microscopic alterations occur in conjunction with 
the clinical varicocele [4,77,78]. Evidence of hypoxia, 
reactive oxygen species, and apoptosis in testicular his- 
topathology specimens was discussed in the preceding 
section on pathophysiology. 


Diagnosis 
Physical examination 


Inspection and palpation remains the cornerstone for 
the diagnosis of the scrotal varicocele. Most physicians 
will have little difficulty in recognizing large or moder- 
ate-sized varicoceles. The distended veins may appear 
as a vermiform bluish discoloration beneath the scro- 
tal skin. On palpation, they have been described as a 
“bag of worms” by Dubin and Amelar [79]. The size of 
a varicocele is assessed by a simple grading system as 
proposed by Dubin and Amelar [80]. “Large” (grade 
3) varicoceles are visible through the scrotal skin; 
“moderate” (grade 2) varicoceles are easily palpable 
without a Valsalva maneuver; the “small” (grade 1) 
varicocele is palpable only with a concurrent Valsalva 
maneuver. The small varicocele can be missed unless 
a thorough examination of the scrotum is performed, 
with the patient in both supine and upright positions. 
Since it has been reported by Dubin and Amelar that 


the small varicocele may impair spermatogenesis as 
often as the large varicocele, it is important to carefully 
examine the scrotum of every man being evaluated 
for infertility. However, more recently, Steckel et al. 
reported that the size of a varicocele may be a factor 
in the degree of improvement in semen variables after 
varicocelectomy [81]. They observed that infertile 
men with larger varicoceles had poorer semen vari- 
ables preoperatively, and that repair of large varicoceles 
resulted in greater improvement than repair of small or 
medium-sized varicoceles. Although several authors 
have supported this correlation, it is still important to 
identify all clinical varicoceles. 

Examining the patient in a warm and comfort- 
able environment facilitates the scrotal examination. 
A cool examining room may result in shrinkage and 
“tightening” of the scrotum, obscuring a varicocele. A 
varicocele is most easily detected when the patient 
is upright and performing a Valsalva maneuver. 
During this maneuver, the dilated scrotal varicosities 
become engorged and more prominent. Asymmetrical 
filling of the cord and/or a discrete pulse may be pal- 
pated when the cord is grasped above the testicle. The 
Valsalva maneuver may be associated with contraction 
of the cremasteric muscle, and with resultant thicken- 
ing and shortening of the spermatic cord. This may be 
confused with retrograde filling of the pampiniform 
plexus observed with a varicocele. Gentle traction on 
the testicle during the Valsalva maneuver will prevent 
this phenomenon and minimize the likelihood of an 
incorrect diagnosis. Prolonged standing may also 
help to accentuate a varicocele. Recently Nagler and 
Zahalsky reported on a new maneuver, “the Nagler 
maneuver,’ which was reported to increase the detec- 
tion of varicoceles. In this maneuver the abdomen is 
extended outward [82]. Venous reflux velocities were 
found to be greater with this maneuver than with the 
standard provocative maneuvers. 

After the upright examination, the patient is 
re-examined in a supine position. Decompression of 
the varicocele may be appreciated. Persistence of cord 
fullness while the patient is in a supine position may be 
indicative of a cord lipoma, hernia, or other pathologic 
conditions rather than venous distension of a vari- 
cocele. A varicocele that results from renal vein obstruc- 
tion secondary to a tumor may also persist when the 
patient is supine. The patient is again examined in 
the upright position. It is sometimes helpful to grasp 
the cord structures between the thumb and forefinger 
as the patient moves from the supine to the upright 
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position. Release of this compression while the patient 
is standing may allow the examiner to appreciate an 
increaseincord thicknessindicative ofretrograde filling 
ofa varicocele. Careful physical examination is manda- 
tory for the accurate diagnosis of the varicocele. 


Adjunctive diagnostic tests 


Since the varicocele remains the most treatable cause of 
male-factor infertility, clinicians have used many tech- 
niques to aid in its diagnosis. The routine application of 
adjunctive tests has been questioned in the absence of 
proof of the efficacy of treating subclinical varicoceles. 
In general, these techniques should be used to supple- 
ment and confirm the diagnosis of a clinical varicocele 
rather than as primary methods of diagnosis. 


Doppler examination 


A pencil-probe Doppler stethoscope has been advo- 
cated as an adjunctive tool in the examination of 
the varicocele. Reflux, which is demonstrated with 
Valsalva, is believed to be indicative of a clinical 
varicocele. The presence of reflux is indicated by an 
auditory signal and can be visualized with a graphic 
representation. The patient is examined in the upright 
position. Ultrasonographic conducting gel is applied 
to the upper aspect of the scrotum. There should be 
complete acoustical silence prior to having the patient 
perform the Valsalva maneuver. If arterial pulsations 
are heard, changes in blood flow with Valsalva can be 
interpreted erroneously as being indicative of a varic- 
ocele. A varicocele may be diagnosed by a persistent 
and reproducible venous rush. The Doppler may also 
be utilized to assess for the presence of a small or sub- 
clinical right varicocele in the presence of a clinically 
apparent left varicocele. Doppler probes may also be 
used with a visual display, as described by Greenberg et 
al. [83,84]. This approach provides for documentation 
of the findings of the evaluation. Greenberg et al. were 
able to demonstrate Valsalva maneuver-induced reflux 
by Doppler examination in all patients studied (n = 28) 
with clinically apparent varicoceles [83]. Most modern 
series include real-time ultrasound examination rather 
than Doppler examination, since real-time ultrasound 
allows for more accurate assessment and measurement 
of the varicocele. 

The significance of a positive test result in sub- 
fertile, oligospermic patients with a subclinical vari- 
cocele screened by Doppler is uncertain. Hirsh et al. 
demonstrated Valsalva maneuver-induced varicocele, 
Doppler-positive reflux in 83% of the left spermatic 


veins and 59% of the right spermatic veins of 118 
patients without clinical varicoceles [85]. There was 
no difference between the infertile and fertile men. 
Because of the high incidence of reflux induced by the 
Valsalva maneuver, many authors advocate assessing 
reflux during quiet respiration. Using this method, 
Hirsh et al. found reflux in 88% of patients with a clin- 
ical varicocele, whereas only 18% patients without a 
varicocele showed the same pattern [86]. In conclu- 
sion, the Doppler examination is an adjunct to the 
physical examination and may be used cautiously to 
confirm the findings of a physical examination, not to 
replace them. 

If cord structures are normal by physical examin- 
ation, a Doppler examination is not recommended. 
However, in our practice, when a clinical varicocele 
is found on one side, we examine the contralateral 
cord by Doppler to determine if a subclinical varico- 
cele exists. Ultrasonography may be employed to con- 
firm these findings. This is the only circumstance in 
which Doppler examination is used to determine the 
presence of “subclinical reflux.” If a subclinical varico- 
cele is appreciated, it is treated at the same time as the 
coexistent clinical varicocele. This approach is based 
on the observation that altered blood flow after vari- 
cocelectomy may unmask an underlying contralateral 
venous anomaly, resulting in clinical varicocele forma- 
tion [72,87]. There is controversy regarding the inci- 
dence and clinical significance of bilateral varicoceles, 
especially if one is considered to be “subclinical.” The 
importance of treating bilateral varicoceles when they 
exist has recently been highlighted by Libman et al. 
[30]. In this report, patients with bilateral varicoceles 
experienced greater improvement than those with uni- 
lateral varicoceles. Therefore it is incumbent upon the 
physician to be certain that bilateral varicoceles are not 
present prior to subjecting an individual to a surgical 
intervention. 


Ultrasonography 


Ultrasonography has become an increasingly use- 
ful modality in the diagnosis of varicoceles. As in the 
case of Doppler examination, the role that sonography 
will ultimately play in the evaluation of the subfertile 
male remains to be determined. Kondoh et al. advo- 
cate the routine use of sonography in the evaluation of 
varicoceles [88]. In the subset of patients with a clinical 
left-sided varicocele, the literature supports the use of 
sonography in the evaluation of the right side [86,89]. 
Studies suggest that subclinical right-sided varicoceles 
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play a role in the pathogenesis of male infertility, and 
that bilateral surgical correction is warranted in these 
patients. This approach has been extrapolated to 
color-flow Doppler evaluation. Preliminary reports 
suggested that the repair of subclinical varicoceles diag- 
nosed using color-flow Doppler sonography is associ- 
ated with improved semen variables [62]. Although 
McClure and Hricak demonstrated improvement in 
sperm motility after repair of bilateral subclinical vari- 
coceles [90], subclinical varicoceles are not thought 
to be of clinical significance [91]. Several papers have 
indicated that larger clinical varicoceles (grade 3) 
were associated with greater semen abnormalities 
[80,92]. Color-flow Doppler (CFD) sonography has 
been reported to be nearly as reliable as venography 
in diagnosing a varicocele, with a 90% accuracy rate. 
Chiou et al. describe a sensitivity of 93% and specifi- 
city of 85% for this technique when compared to physi- 
cal examination; ultrasound detected all grade 2 and 
3 varicoceles on physical examination as well [93]. 
Therefore, color-flow Doppler appears to be a useful 
diagnostic modality in the diagnosis of the hard-to- 
palpate varicocele. Zahalsky et al. discussed the role of 
CFD in diagnosis of varicoceles, and indicated that it 
is the most common diagnostic modality performed, 
with accuracy similar to that of invasive venography 
[94]. Further studies are needed to evaluate the role of 
CFD ultrasonography in the diagnosis of the subclin- 
ical varicocele. Mihmanli et al. detected 94 subclinical 
varicoceles when examining 208 testes in men with 
infertility and no clinical varicoceles [95]. The signifi- 
cance of the subclinical varicocele will be reviewed in 
the outcomes section below. However, the widespread 
use of this ultrasound modality for screening of vari- 
coceles cannot be advocated. 


Venography 

Venography is usually performed only in conjunc- 
tion with therapeutic occlusion or in research stud- 
ies. It is performed using the Seldinger technique via 
the right femoral vein or right internal jugular vein 
[96]. Retrograde spermatic venography (Fig. 18.1) 
is generally regarded as the most sensitive technique 
for diagnosis of the scrotal varicocele; however, as 
with the Doppler, its specificity is controversial. When 
venography is performed in subfertile patients with 
palpable varicoceles, reflux is seen in nearly 100% of 
patients [26]. However, in subfertile patients without 
a palpable varicocele, left testicular reflux has been 
reported in 60-70% of patients [97]. Furthermore, this 


Fig. 18.1. Venogram demonstrating reflux into internal 
spermatic vein. 


same study also reported a 70% incidence of right tes- 
ticular vein reflux. Equally disturbing is the report by 
Netto et al. that demonstrated venographic reflux in 
58% of men with varicoceles and abnormal semen, in 
58% of men with varicoceles and normal semen, and 
in 33% of normal controls [98]. Although venography 
may be highly sensitive for reflux, its specificity and 
significance in reference to the clinical varicocele are 
unclear. Technical factors may be responsible for many 
false-positive venographic studies. If the catheter tip 
is placed in the proximal portion of the left testicular 
vein, thus bypassing a critical valve at the junction of 
the left testicular vein and left renal vein, a higher per- 
centage of patients will demonstrate reflux [99]. Given 
the invasive nature of venography and the controversy 
regarding the significance of venographically demon- 
strated reflux, venography should not be used routinely 
to diagnose varicoceles in the oligospermic patient. 
The most appropriate indication for venography is 
the persistent varicocele in the postsurgical patient. In 
this instance, venography can be both diagnostic and 
therapeutic when veno-occlusion is performed with 
use of sclerosing agents [100], Gianturco coils [101], 
or detachable balloons [102] (as discussed in the fol- 
lowing section). Intraoperative venography has been 
used to identify persistent vessels after ligation of the 
internal spermatic veins, and has been reported to 
decrease the surgical failure rate [103]. 


Additional diagnostic techniques 

Scrotal thermography has been used to detect elevated 
temperatures associated with varicoceles. Contact 
thermography involves the application ofa flexible film 
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containing heat-sensitive liquid crystals. This is applied 
to the scrotum once the patient has been undressed 
and upright for five minutes in a room at normal tem- 
perature. The phallus is taped to the abdominal wall 
to prevent interference. The thermostrips of different 
colors correlate with different temperatures, allow- 
ing for easy interpretation by the operator [104]. 
Hirsh et al. reported the accuracy of scrotal thermog- 
raphy in detecting varicoceles to be similar to that 
of Doppler flow studies [86]. Comhaire et al. [28], 
Lewis and Harrison [105], Kormano et al. [106], and 
Pochaczevsky et al. [107] have also advocated the use of 
scrotal thermography in evaluating patients with sus- 
pected varicoceles. However, Mieusset et al. reported 
that increased scrotal temperatures were observed in 
infertile men with abnormal spermatogenesis without 
varicoceles [64]. Although scrotal thermography may 
also be used as an adjunctive test to confirm the clinical 
impression, it has not been widely employed. 


Radionucleotide imaging 


Radionucleotide imaging is familiar to urologists in 
the evaluation of renal function, and has also been 
employed in the diagnosis of varicoceles. Nuclear veno- 
graphy involves the injection of the radioisotope into a 
peripheral vein and subsequent acquisition of images 
with a gamma-ray scintillation camera focused on the 
retroperitoneum and scrotum. Although this tech- 
nique involves intravenous injection of radioisotope, 
the procedure exposes the patient to minimal expo- 
sure to radiation compared to traditional venography 
[108]. Radionucleotide technetium-99m pertechnetate 
scintigraphy demonstrates varicoceles by “pooling” 
of radionucleotide within the dilated pampiniform 
plexus [109]. Paz and Melloul showed 93.5% correla- 
tion between physical examination and radionuclide 
demonstration of varicocele [110]. They were also able 
to demonstrate subclinical varicoceles and recurrent 
varicoceles. Although effective, this technique is not 
widely employed. 


Therapeutic indications of 
varicocele repair 
Infertility 


The most common indication for varicocelectomy is 
infertility. However, the mere presence of avaricocelein 
a subfertile male is nota sole indication for varicocelec- 
tomy. One must be certain that the patient has no other 
causes for infertility and be assured by appropriate 


gynecologic examination and evaluation that the part- 
ner has a normal fertility potential. Evaluation of the 
varicocele has been discussed in previous sections of 
this chapter. 


Semen analysis 


The detrimental effect of the varicocele on sperma- 
togenesis in the subfertile male is most often reflected 
in abnormal seminal parameters. Infertile men with 
varicoceles may have abnormal semen quality, demon- 
strating reduced sperm counts (less than 20 million/ 
mL), decreased motility, and/or abnormal morphology 
[18,111,112]. The varicocele appears to affect sperm- 
atogenesis, regardless of fertility status. Nagao et al. 
reported that although fertile men with varicoceles had 
higher sperm counts than infertile men with varico- 
celes, counts in both groups of men were significantly 
lower than in normal controls [113]. 

MacLeod in 1965 introduced the term “stress pat- 
tern’ to reflect the altered morphology (increased num- 
bers of immature cells and “tapered” forms) observed 
in association with a varicocele [111]. The stress pat- 
tern was defined as a semen analysis with greater than 
15% tapered forms. MacLeod found this pattern in 
90% of his infertile patients with a varicocele. Although 
the “stress pattern” came to be associated with the diag- 
nosis of a varicocele, it is not pathognomonic of the 
varicocele but rather represents a nonspecific finding 
associated with abnormal spermatogenesis [112,114]. 
Ayodeji and Baker found no difference in morphology 
patterns between infertile patients with varicoceles 
and infertile patients without varicoceles [73]. Saypol 
demonstrated that subfertile men with varicoceles had 
the same percentage (5%) of tapered forms as infertile 
patients with idiopathic oligoasthenospermia [112]. 
Similarly, Rodriguez-Rigau et al. compared infertile 
patients, with and without varicoceles, and showed 
that the sperm counts, motility, and morphology were 
significantly associated with one another rather than 
with the presence or absence of a varicocele [114]. The 
percentage of “tapered” or amorphous forms observed 
was inversely associated with sperm counts, and was 
independent of the presence of a varicocele. In his 
original report in 1965, MacLeod recognized that 
there were other causes, such as certain viral illnesses 
or exposure to antispermatogenic medications, that 
may producea stress pattern [111]. The “stress pattern,” 
which was often interpreted as being pathognomonic 
for a varicocele, is indicative of abnormal testicular 
function, regardless of cause. Therefore, the term has 
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been largely abandoned. An abnormal semen analysis 
ina man witha clinical varicocele and a normal partner 
is the most common indication for varicocelectomy. 

The 1992 WHO study showed that 25.4% of men 
with abnormal semen parameters had a palpable vari- 
cocele, compared with only 11.7% of men with normal 
semen parameters [3]. This study suggested that the 
presence of a varicocele plays an integral role in the 
infertile male. 


Symptomatic varicocele 


Scrotal pain as a result of a varicocele is uncommon, 
but if it exists and is persistent, varicocelectomy may 
be of benefit. Symptomatic varicoceles are usually very 
large. Since varicocelectomy does not necessarily pro- 
vide the desired relief, it is of paramount importance 
that other causes of scrotal and inguinal pain be con- 
sidered before varicocelectomy is offered for relief of 
scrotal pain. Before scrotal pain is attributed to a vari- 
cocele, conservative measures such as scrotal support 
and the use of anti-inflammatory and analgesic agents 
should be taken. Patients may benefit from consulta- 
tion with pain specialists. If persistent pain exists and 
there is no other indication, the varicocele may, with 
caution, be implicated. Karademir et al. demonstrated 
that 101 of 121 patients (83%) reported improvement 
in their scrotal pain in questionnaires answered after 
undergoing inguinal or subinguinal orchiectomy for 
scrotal pain [115]. Of these patients, 75% had complete 
resolution of pain while the remaining 25% had par- 
tial resolution. In another large study, high inguinal 
ligation was used in all patients presenting only with 
pain: 72 (82.8%) patients reported complete resolu- 
tion; eight (9.2%) reported partial response; and seven 
(8%) had persistent pain [116]. Chawla et al. comment 
on reoperation on recurrent varicoceles for pain [117]. 
Relief of pain was noted in 10 of 11 patients who under- 
went subinguinal varicocelectomy for orchialgia. The 
authors recommend reoperation for pain in patients 
who have a varicocele recurrence that fails conserva- 
tive management. 


Pediatric/adolescent varicocele 


Historically, the pediatric/adolescent varicocele has 
been left untreated unless it caused pain or gross testic- 
ular damage. However, in recent years, various authors 
have proposed that ligation of a varicocele during 
childhood or adolescence may improve the potential 
for future fertility [8,118,119]. The cornerstone of this 
approach to the adolescent varicocele is the acceptance 


of the basic tenet that the varicocele in the adult is asso- 
ciated with male-factor infertility. If one accepts this 
association, one would logically question the signifi- 
cance of the same process in the prepubertal or ado- 
lescent male. Does early ligation prevent subsequent 
testicular dysfunction? 

There are several reports in the literature indicat- 
ing that the childhood varicocele becomes apparent 
peripubertally. While the incidence of the prepuber- 
tal varicocele is 0-1%, the incidence of varicocele in 
adolescents is reported to be between 2% and 16% 
[8,100,119,120]. In males 15 years of age, the inci- 
dence has been reported to be as high as 20% [121]. 
This increased incidence is thought to be related to the 
physiologic changes that occur during puberty. With 
the onset of puberty, testicular mass increases signifi- 
cantly, accompanied by an increase in blood flow. This 
increased perfusion may unmask the venous abnor- 
mality responsible for varicocele formation [122]. 

Although previously unappreciated, it is clear 
that a varicocele in an adolescent is not a rare entity. 
Therefore it becomes imperative to establish its physio- 
logic significance. Testicular biopsy results in peripu- 
bertal children with varicoceles have demonstrated 
damage similar to that seen in adults. Heinz et al. indi- 
cated that testicular histology was already abnormal in 
12-year-old boys; more severe histologic abnormalities 
were seen in older adolescents [77]. Pozza et al. exam- 
ined adolescents with varicoceles, and reported a 74% 
incidence of testicular atrophy and a 90% incidence of 
abnormal histology [123]. Therefore, histologic dam- 
age appears early in pubertal development and appar- 
ently progresses with time. 

Lipshultz and Corriere indicated that the pres- 
ence of the varicocele was associated with a loss of 
testicular mass that appeared to be progressive with 
age [67]. Their report was the first to raise the ques- 
tion of whether early ligation would arrest this process. 
Most authors have discussed testicular atrophy sec- 
ondary to varicoceles. However, the pubescent testicle 
harboring a varicocele may suffer from growth retar- 
dation rather than atrophy [8,124]. This concept was 
suggested by Kass and Belman, who demonstrated a 
significant increase in testicular volume after varicoce- 
lectomy in adolescents (ages 11-19 years) [124]. They 
referred to this phenomenon as “catch-up” growth. 
Although these authors did not assess the effect of the 
varicocele or varicocelectomy on spermatogenesis, the 
reversal in growth retardation (testicular hypotrophy) 
was assumed to be a surrogate of testicular health and 
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indicative of the removal of noxious stimulus effects of 
the varicocele. 

In a recent survey of pediatricians, Kubal and col- 
leagues noted that 85% of respondents referred patients 
with clinical varicoceles to a urologist [125]. However, 
the authors reported that 16.9% of pediatricians do not 
routinely examine genitalia of adolescent males; 10% 
of those who do perform testicular examinations fail to 
check for varicoceles. In addition, those that check for 
varicoceles do so either by visual inspection alone, with 
the patient in the supine position, or without Valsalva 
maneuvers. Although the pediatricians are aware of 
varicoceles and their potential significance, they are 
ill-prepared to diagnose them. 

Two main parameters that have been utilized to 
dictate varicocele repair in the pediatric population are 
(1) size discrepancy between the affected testicle and 
the contralateral testicle and (2) the association of vari- 
cocele grade with testicular disparity. The significance 
of the size of the varicocele and its impact on testicular 
size has been confirmed by some and refuted by others. 
Thomas and Elder reported testicular growth arrest at 
the time of initial presentation to the pediatric urologist 
in approximately 30% of grade 2 varicoceles and 45% 
of grade 3 varicoceles [126]. These measurements were 
performed using calipers, as compared to other stud- 
ies that use orchidometers or sonography. However, 
Alukal et al. found that the grade of varicocele did not 
correlate with the presence or degree of testicular dis- 
parity in adolescent males with varicoceles [127]. The 
authors acknowledged that eight urologists and sev- 
eral ultrasound technicians participated in the study, 
potentially creating variability in the classification of 
both varicocele grade and testicle size. A recent report 
by Sakamoto et al. showed that in patients undergo- 
ing orchiectomy, ultrasound was superior to orchid- 
ometer in comparing testicular volume [128]. 

Since Kass and Belman popularized the concept 
of “catch-up growth” following repair of pediatric 
varicoceles [124], there has been greater emphasis on 
varicocele repair in the adolescent. In a recent study 
by Greenfield et al., catch-up growth was demonstrated 
by caliper measurements in 30 of 36 patients (83%) 
who were evaluated after subinguinal varicocelectomy 
[129]. These authors also noted that 15% of younger 
patients without atrophy at the time of presentation 
subsequently developed disparity. This suggests that 
over time the deleterious effect of a varicocele may 
cause a disparity even if it is not present at the time of 
diagnosis. 


Since a semen sample cannot easily be obtained 
from the majority of adolescents with a varicocele, it 
has been difficult to determine the frequency of tes- 
ticular dysfunction in this group. Kass et al. reported 
that an abnormal response to GnRH stimulation can 
be demonstrated in almost one-third of adolescents 
with a varicocele, and they concluded that this finding 
indicates a functional disturbance of the testicle [130]. 
These authors postulated that an excessive release 
of LH after GnRH stimulation is an indirect indica- 
tion of Leydig cell dysfunction, and an exaggerated 
FSH response indicates an abnormality of the sem- 
iniferous tubules. GnRH stimulation studies are not 
widely used. 

In a controlled prospective study, Laven et al. 
repaired varicoceles in 34 boys and observed an 
increase in left testicular volume, whereas the 33 boys 
who were controls with varicoceles did not show this 
increase [131]. In addition, sperm concentrations 
significantly improved in the treatment group. It is 
important to note that all serum hormone levels were 
within the normal range in both groups. Cayan et al. 
measured semen parameters before and after subin- 
guinal varicocelectomy in adolescents [132]. They 
reported improvement of semen parameters including 
concentration and motility. 

The ultimate goal of the treatment of the pedi- 
atric varicocele is preservation of fertility. When 
assessing the implications of the pediatric vari- 
cocele, it is important to recognize that most men 
with varicoceles have normal fertility; only 13% of 
men with varicoceles will be infertile [112]. Studies 
of the pediatric varicocele have not enabled us to 
predict the group of adolescents with a varicocele 
who will have a fertility problem [133]. Because of 
the uncertainty about benefits in terms of future 
fertility and the risk of recurrence or surgical com- 
plications, most surgeons have adopted the position 
that the pediatric varicocele should be left untreated 
unless there is significant testicular asymmetry or 
retarded testicular growth (> 20% volume disparity) 
documented on serial examinations [124]. Testicular 
growth retardation, indicating a potentially signifi- 
cant pathologic lesion, has become a prime indica- 
tion for varicocelectomy. 

The controversy surrounding the adolescent 
varicocele must be carefully presented to any family 
seeking consultation. The decision to operate must 
be a joint decision based on the information avail- 
able and the family’s response to that information. 
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Secondary infertility 


The role of varicoceles in infertility has been strongly 
implicated in males with secondary infertility. In a 
review of 2989 patients over a five-year period, Witt and 
Lipshultz determined that the varicocele is a progres- 
sive lesion which results in the loss of previously estab- 
lished fertility [134]. A series published by Gorelick 
and Goldstein supported this observation [135]. The 
approach to the individual with secondary infertil- 
ity and a varicocele should not differ from that taken 
to the male with primary infertility and a varicocele. 
Varicocelectomy should be recommended when other 
factors contributing to infertility have been eliminated. 


Non-infertility indications 


Although the most common indication for varicoce- 
lectomy is infertility, there are other indications worthy 
of mention. 


Cosmesis 

Occasionally, a varicocele will cause a patient distress 
because of a disfigured appearance of the scrotum. This 
concern is generally more significant to young men 
with grade 3 varicoceles. Kubal et al. in their survey of 
pediatricians noted a 4% referral rate for varicocelec- 
tomy due to cosmetic concerns [125]. Raj and Wiener 
in a review of adolescent varicoceles addressed this 
concern but said that decisions to operate for cosmetic 
reasons are driven by patients rather than by recom- 
mendations of the surgeon [136]. 


Concern regarding future fertility 

The work of Kubal and colleagues demonstrated the need 
to educate pediatricians about the significance of vari- 
coceles in adolescents [125]. As pediatricians become 
more aware of the significance of varicoceles, and are 
more inclined to refer patients with varicoceles to urol- 
ogists, it is likely that more young adolescents and fam- 
ilies will become concerned about yet untested future 
fertility. As discussed above, there are several parameters 
that have been advocated to aid the patient and physician 
in the decision-making process. However, ultimately 
there continues to be uncertainty about the impact 
of a varicocele on an individuals subsequent fertility. 
Therefore, some families choose to undergo pre-emptive 
varicocelectomy whereas others choose observation. 


Surgical treatment 


Surgical varicocelectomy is the cornerstone of vari- 
cocele therapy. The goal of intervention is the complete 


disruption of the internal spermatic venous drainage 
of the testicle while preserving the internal spermatic 
artery, vas deferens with its blood supply, and spermatic 
cord lymphatics. Several surgical approaches are avail- 
able to accomplish a varicocelectomy. The approaches 
discussed below are in anatomic order in a cephalad 
direction rather than a reflection of the authors’ pref- 
erence. These include the scrotal approach, the sub- 
inguinal approach, the inguinal approach (modified 
Ivanissevich), the retroperitoneal approach (modified 
Palomo), and the laparoscopic approach (Fig. 18.2). 


Scrotal approach 


Mentioned only for completeness and historical accu- 
racy, this approach has been abandoned because the 
complexity of the scrotal pampiniform plexus and 
its rich anastomotic network makes successful inter- 
ruption less likely. Additionally, damage to the end 
testicular artery and resulting testicular ischemia are 
more likely because of the multiple sites of division 
and ligation. One would suspect that injury to the vas 
and/or artery would be similar to or less than rates 
in hydrocelectomy, which can range from 5% to 17% 
according to Zahalsky et al. [137]. This technique is 
best avoided, because of its higher failure and com- 
plication rates. 


Subinguinal approach 

The subinguinal approach is simply a modification of 
the inguinal approach. An oblique or transverse inci- 
sion is made at the level of the external inguinal ring 
(Fig. 18.2). The external oblique fascia is not incised. 
This minimizes postoperative discomfort and reduces 
risk of ilioinguinal nerve injury. The spermatic cord is 
mobilized below the level of the external inguinal ring as 
it crosses over the pubic tubercle entering the scrotum. 
A smaller incision is usually made, leading to potentially 
greater difficulty in mobilizing the cord. Some advo- 
cate gently grasping the cord with a Babcock clamp and 
elevating it with gentle traction. We choose not to grasp 
the cord with an instrument, to minimize any possibility 
of a crush injury to the vas. Sheynkin et al. have dem- 
onstrated that minor compression of the vas can result 
in cicatrix and subsequent obstruction [138]. The cord 
can be easily mobilized through a 3 cm incision using 
blunt dissection with surgical peanuts. A Penrose drain 
is passed behind the spermatic cord for support, and 
the procedure performed in the same fashion as the 
inguinal approach. Marmar and Kim reported that mor- 
bidity with this procedure is less than that of inguinal 


Chapter 18: Varicocele 


jor 


Fig. 18.2. Surgical varicocelectomy. (A) Retroperitoneal approach: 
a short transverse incision is made just medial to the anterior super- 
ior iliac spine at the level of the internal ring. (B) Inguinal approach: 
an oblique incision is made along the axis connecting the anterior 
superior spine and the pubic tubercle. (C) Subinguinal approach: 

an oblique or transverse incision is made at the level of the external 
inguinal ring. 


and retroperitoneal surgery, because the muscle layers 
and inguinal canal are not violated [139]. The external 
cremasteric vessels are easy to identify and, if abnormal, 
ligate at this level (Fig. 18.3). Because the internal sper- 
matic venous system is more branched at this level, this 
approach is more tedious than the inguinal approach. 
Due to the complexity at the cord at this level, micro- 
scopic technique is generally employed when a subin- 
guinal varicocelectomy is performed. 


Inguinal approach: modified Ivanissevich 


The inguinal approach exposes the internal sperm- 
atic vessels within the inguinal canal. As noted by 
Ivanissevich, this approach has several advantages 
over the retroperitoneal approach [140]. First, the 
urologic surgeon is quite comfortable with the anat- 
omy within the inguinal canal. As the spermatic vein 
moves cephalad and approaches the internal inguinal 
ring, it will coalesce to form several larger vessels. This 
approach will also allow for identification of large 
external cremasteric vessels that may contribute to the 
varicocele. 
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Fig. 18.3. Subinguinal approach. A Penrose drain is used to 
elevate the cord. The vas deferens and spermatic artery are placed 
under vessiloops to isolate and preserve them. 


Optical loupe magnification may be used for open- 
ing and closing the wound. An oblique incision is made 
parallel to the inguinal canal connecting the anterior 
superior iliac spine and the pubic tubercle. The medial 
aspect of the incision should be approximately two fin- 
ger breadths above the symphysis pubis at the lateral 
edge of the scrotum (Fig. 18.2). Before the incision is 
made, the exact location of the external ring may be 
noted by invaginating the scrotal skin. The external 
oblique aponeurosis is exposed and incised in the 
direction of its fibers. Care is taken to avoid injury to 
the underlying ilioinguinal nerve. This procedure can 
be safely carried out by making a small stab through 
the fascia. The Metzenbaum scissors are then slid down 
to the external ring with the tips of the scissors elevated 
against the undersurface of the fascia. The scissors are 
then rotated 90° to expose a groove between the two 
blades; this is used as a guide for the knife in incising 
the fascia. The spermatic cord is then mobilized at the 
level of the pubic tubercle. A Penrose drain is passed 
beneath the cord, elevating it from the canal. The 
Penrose drain is also used to exclude the ilioinguinal 
nerve from the operative field (Fig. 18.4). 

When the cremasteric fascia is incised, one should 
attempt to identify the artery using visual inspection 
and intraoperative Doppler ultrasound. The operat- 
ing microscope is used to aid in the identification and 
preservation of the internal spermatic artery [141]. 


343 


344 


| Chapter 18: Varicocele 


spermatic a. 
spermatic vv. 


Fig. 18.4. Inguinal approach. The external oblique aponeurosis is 
incised and exposed. A Penrose drain is used to elevate the sperm- 
atic cord into the wound. The ilioinguinal nerve, vas deferens, and 
spermatic artery are placed under vessiloops to isolate and preserve 
them. Spermatic veins are then tied or clipped as depicted. 


When the artery is identified, a vessiloop is utilized to 
isolate the artery from the area in which further dis- 
section proceeds. With the artery protected, all venous 
channels are isolated and ligated with a nonabsorbable 
suture or clipped (Fig. 18.4). A representative segment 
may be excised. 

Great care is taken to identify even small venous 
channels. These may be cauterized with bipolar for- 
ceps. The vas deferens is identified and its vasculature 
preserved. At this point, attention is redirected to the 
artery and surrounding veins, which have been encir- 
cled by the vessiloop. Meticulous dissection allows the 
surgeon to remove the rich anastomotic network of 
veins that is closely adherent to the spermatic artery. 
The artery is identified throughout the dissection both 
visually and via Doppler examination. Topical appli- 
cation of papaverine or bupivacaine will cause arterial 
dilation and may aid in the identification of the artery. 
When the artery has been cleared of the surround- 
ing veins, its pulsations are immediately apparent. 
Lymphatic channels are generally clearly visualized. 
These should be preserved to minimize the incidence 
of hydrocele formation. After the spermatic cord has 
been fully explored, the cord is lifted out of the inguinal 
canal by gentle elevation of the Penrose drain (Fig. 18.5). 
The floor of the canal at the level of the external ring is 
inspected for any external cremasteric veins. These ves- 
sels perforate the canal to drain into the pudendal vein 
and, ultimately, the saphenous vein. These veins should 
be identified, since they may contribute to recurrent 
varices in a small proportion of patients. The external 
oblique fascia is closed with a continuous 3-0 chromic 
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Fig. 18.5. Inguinal approach. The floor of the canal is exposed to 
identify perforating external cremasteric veins. 


suture; the subcutaneous layer is approximated with 
interrupted 3-0 plain catgut. A subcuticular absorb- 
able closure is used. 

Goldstein and associates suggest that recurrent 
varicoceles are due to venous collaterals that bypass 
the inguinal portion of the spermatic cord, and there- 
fore deliver the testicle through the inguinal incision to 
provide direct access to all avenues of testicular venous 
drainage [141]. The gubernaculum can be inspected 
for the presence of veins exiting the tunica vaginalis, 
which can then be cauterized, ligated, or clipped. This 
approach has not been widely accepted. Ramasamyand 
Schlegel have refuted this practice in a recent compari- 
son of subinguinal varicocelectomy with or without 
testicular delivery [142]. This study showed no benefit 
and a possible detriment of testicular delivery, based 
on better improvement of semen parameters without 
the addition of this extra step. 


Retroperitoneal approach: modified Palomo 


The retroperitoneal approach or modified Palomo 
technique exposes the internal spermatic vein within 
the retroperitoneum after it exits the inguinal canal. 
A transverse abdominal incision is made just medial 
to the anterior superior iliac spine at the level of the 
internal ring (Fig. 18.2). The external oblique fascia is 
incised in the direction of the fibers, and the internal 
oblique muscle is incised and retracted cephalad. This 
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Fig. 18.6. Retroperitoneal approach. The dilated internal sperm- 
atic vein is identified and ligated just superior to the internal ring. 


exposes the dilated internal spermatic vein, which is 
ligated and divided (Fig. 18.6). The dissection may pro- 
ceed cephalad toward the renal vein to identify the col- 
lateral vessels. The vas deferens and spermatic vessels 
meet as they enter the internal ring, aiding in the iden- 
tification of the internal spermatic vessels (Fig. 18.2). 
Although Palomo described ligating both the internal 
spermatic artery and veins [22], most authors believe 
that the artery should be preserved [143]. The the- 
oretical advantage of this technique is that retroperi- 
toneal ligation of the internal spermatic vein reduces 
the number of veins contributing to the varicocele and 
therefore minimizes the potential for recurrence of the 
varicocele. Cockett et al. [4] advocate this approach, on 
the premise that venous communications may occur 
between the left and right varicoceles at a level above 
the internal ring as described by Etriby et al. [144]. A 
major disadvantage of this technique is that it does not 
allow identification and ligation of the external cre- 
masteric vessels. These vessels have been implicated 
as a cause of recurrent and persistent varicoceles after 
varicocelectomy [24,145]. Additionally, the approach 
is not familiar to most urologic surgeons. This tech- 
nique may be advantageous in patients with previous 
inguinal surgery, because it minimizes incidental 
injury to the testicular artery and ilioinguinal nerve. 

The Palomo technique has gained some popular- 
ity among pediatric urologists. In a comparison of 
several techniques, Pintus et al. advocated the origi- 
nal Palomo approach for pediatric varicocelectomy 
due to its low recurrence rate of less than 2% [146]. 
Kass and Reitelman wrote, “When surgery is neces- 
sary, the Palomo approach significantly decreases the 
risk of operative failure and has facilitated ‘catch-up’ 
growth of the left testis that is comparable to that after 


artery-sparing procedures” [147]. Mass ligation of the 
internal spermatic vessels results in fewer persistent 
varicoceles than artery-sparing techniques [148]. 


Laparoscopic approach 


The urologists experience with pediatric and adult 
laparoscopy has progressed in recent years. It is now 
feasible for many urologists to execute this approach for 
the high ligation of the internal spermatic vein [149]. 

A Foley catheter is placed in all patients to avoid 
injury to the bladder. After routine preparation of the 
abdomen, a Veress needle is used to establish a pneu- 
moperitoneum. Alternatively, a small peritoneotomy 
can be performed subumbilically, and a 10 mm tro- 
car passed under direct vision. This allows for greater 
safety and faster insufflation. The laparoscopic camera 
is then passed through the subumbilical port. Under 
direct vision, one additional trocar (5 mm) is placed to 
the left of the midline and one trocar (5 mm) is placed 
to the right. The internal ring, vas deferens, and medial 
umbilical ligament can be readily identified. After 
identification of the iliac and epigastric vessels, the 
parietal peritoneum is opened lateral to the spermatic 
vessels. The internal spermatic artery can be identified 
by its appearance and pulsations. In addition, papaver- 
ine solution causing dilation can be used to enhance 
visualization of the artery [150]. The use of the Doppler 
probe introduced through one of the ports may aid 
in the localization of the spermatic artery [151]. The 
vessels are dissected free, and the vein is clipped with 
titanium clips both proximally and distally and cut 
between. Bilateral ligations can be performed by sim- 
ply switching to the contralateral side. After careful 
inspection for hemostasis, the instruments are with- 
drawn and the carbon dioxide released. The fascia is 
closed with #1 polyglycolic acid suture, and the skin 
is reapproximated with an absorbable subcuticular 
suture. Patients may be discharged the same day [150]. 

Mehan and colleagues reported on 38 patients who 
underwent laparoscopic internal spermatic vein liga- 
tion [150]. Pregnancy was achieved in 16 (42%) of 38 
patients. Of the 22 cases not achieving a pregnancy, 
nine (41%) had a 50% rise in sperm density, and eight 
of these (36%) had an increase in sperm viability and 
motility. Thirteen cases had no significant change. The 
only major complication reported was a hydrocele. 
The results of this study indicate that the procedure 
is physiologically equivalent to the retroperitoneal/ 
modified Palomo approach. Proponents of laparo- 
scopic surgery assert that the technique affords a lower 
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postoperative morbidity and faster return to normal 
activities. Donovan and Winfield performed 19 laparo- 
scopic varicocelectomies in 14 patients (five bilateral) 
without any complications [151]. However, since the 
potential for significant morbidity from laparoscopy 
exceeds that of the extraperitoneal approach, this tech- 
nique has not been widely embraced. 

Ligation of the testicular artery during varicoce- 
lectomy does not always result in testicular atrophy 
because vascular communication between the tes- 
ticular, cremasteric, and vasal arteries is present. 
Kass and Marcol reported that mass ligation of the 
internal spermatic vessels resulted in a lower rate of 
varicocele persistence than artery-sparing techniques 
[148]. Matsuda et al. reported that there was no signifi- 
cant difference between artery-preserving varicocelec- 
tomy and artery-ligating surgery when improvements 
in semen quality and postoperative pregnancy data 
were evaluated [152]. Similarly, Parrott and Hewatt 
showed that in the adolescent total ligation of the tes- 
ticular vascular pedicle above the entrance of the vas 
deferens into the spermatic cord allowed for the 
“catch-up growth” of the smaller ipsilateral testes with 
low risk for recurrence of the varicocele [153]. Because 
the major complication of varicocelectomy is per- 
sistence of the varicocele, an argument can be made 
for not preserving the artery. Wright and Goldstein 
reported a diminished response (i.e., improvement in 
semen variables) after varicocelectomy when the tes- 
ticular artery was divided [143]. However, since arter- 
ial injury may result in testicular atrophy in a small 
number of patients, and this complication is unpre- 
dictable, we recommend testicular artery preservation 
in all cases. 


Nonsurgical treatment of varicoceles 
Percutaneous venous occlusion 


From 1952 until 1978, infertile men with varico- 
celes underwent surgical varicocelectomy only. In 
1978, Lima and colleagues reported the use of trans- 
venous sclerotherapy for ablation of varicoceles [154]. 
Techniques used to achieve transvenous occlusion of 
the internal spermatic veins have included the deploy- 
ment of detachable balloons, Gianturco coils, and 
sclerotherapy, or a combination of these modalities 
(Fig. 18.7). Each of these techniques has its propon- 
ents. However, all these techniques share common 
advantages and disadvantages [101,155]. Each pro- 
cedure can be performed on an outpatient basis with 


Fig. 18.7. Venogram demonstrates reflux into the internal sperm- 
atic veins (A and B). Coils are placed to embolize the varicocele. 


intravenous sedation. They each afford a nonoperative 
approach to what historically has been treated surgi- 
cally. Theoretically, recuperative time is minimized. 
The disadvantages of these techniques focus on patient 
discomfort with a nonsurgical approach to ablation of 
the internal spermatic veins. However, infertile patients 
are often reluctant to have any unnecessary exposure to 
radiation. They are also concerned with balloon or coil 
migration. Most importantly, they want to minimize 
the chances of recurrence and the possible need for an 
additional procedure, since the success rates for per- 
cutaneous venous occlusion are less than reported for 
surgical repair [1,7]. 

With the use of detachable balloons, either a femoral 
orajugular approachisemployed. The jugular approach 
allows easier access to the right internal spermatic vein, 
and is therefore employed with bilateral and right uni- 
lateral varicocele. The inguinal approach is generally 
preferred when treating isolated left-sided varicoceles. 
The use of detachable balloons affords the radiolo- 
gist the ability to test the adequacy of the occlusion 
before releasing the balloon. However, since different- 
sized balloons may be required to achieve satisfactory 
occlusion, it is necessary to maintain an inventory of 
expensive balloons. Furthermore, there are isolated 
reports of balloon deflation and migration with time 
[156,157]. Although Gianturco coils are inexpensive, 
multiple coils maybe required to achieve occlusion, and 
the adequacy of occlusion cannot be tested before the 
release of the coil [101]. Most invasive radiologists are 
comfortable with the utilization of coils. Sclerotherapy 
allows occlusion of smaller collateral venous channels, 
but this modality is cumbersome [158]. Sclerotherapy 
may also be used in conjunction with the coil occlusion 
technique. 
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Although embolization is a nonoperative 
approach to the varicocele, it is often difficult and 
more time-consuming than varicocelectomy. Pryor 
and Howards summarized the success of veno- 
occlusion, and reported that embolization is recog- 
nized to be technically unsuccessful at the time of the 
procedure in 27% of cases [1]. Additionally, when the 
procedure is considered technically successful, the 
recurrence rate after embolization is approximately 
5%. Therefore the success rate for this procedure, tak- 
ing into account both the occlusion rate (73%) and the 
nonrecurrence rate (95%), is only 69% [156]. Kaufman 
etal. reported recurrences in eight of 70 patients (11%) 
who had balloon occlusion of varicocele [157]. 

Currently, we use embolization for the treatment 
of surgical failures, in patients with previous inguinal 
surgery, or because of patient preference. Murray and 
associates reviewed the mechanism of recurrence after 
surgically treated and embolized varicoceles [145]. 
The surgical failures were easily treated with emboli- 
zation, whereas 39% of the embolization failures were 
not amenable to repeat venographic occlusion. With 
the increased safety of local and regional ambulatory 
anesthesia, in addition to the greater “reliability” and 
efficiency of the operative procedure, varicocele liga- 
tion remains the procedure of choice for the primary 
treatment of the varicocele. 


Antegrade sclerotheraphy 


Antegrade sclerotherapy for the treatment of varicocele 
was originally described by Tauber in 1988 [159]. It is 
performed using local anesthesia. An incision is made 
high in the scrotum and the spermatic cord is isolated 
with a Penrose drain. The largest spermatic vein is can- 
nulated using a catheter, and antegrade venography is 
performed using 5 mL of contrast medium. Sclerosing 
agent is mixed with air in 3: 1 ratio (air block technique) 
and injected while the patient performs a Valsalva 
maneuver. In a randomized trial of Tauber sclero- 
therapy versus inguinal varicocelectomy, patients 
showed slightly better results for improvement of 
motility, although the two techniques were compar- 
able in terms of other semen parameters. Each tech- 
nique was associated with minimal perioperative and 
postoperative complications [160]. 


Testicular hypothermia device 

Although the pathophysiology of the varicocele is 
unclear, the varicocele may exert its deleterious effects 
by increasing testicular temperature. This assumption 


led to the development of the testicular hypothermia 
device (THD) [161]. The THD was an externally 
applied device that cooled the scrotum by evapora- 
tion of water, which was continuously applied to a 
cotton scrotal support. This technique was reported 
to lower scrotal temperatures by 2.3 °C. The THD 
was prescribed to 140 infertile patients with subfer- 
tile semen, elevated scrotal temperatures, and more 
than two years of unprotected intercourse with a pre- 
sumed fertile partner [161]. The compliance rate was 
only 46%. Of the 64 remaining patients who wore the 
THD for at least 16 weeks, 66% exhibited improve- 
ments in semen parameters. A 27% pregnancy rate 
was reported in this study. Poor patient compliance, 
resulting from water leaks and general discom- 
fort, limited the acceptance of and the usefulness of 
this noninvasive modality. Many patients prefer to 
undergo a procedure that theoretically will rectify 
the pathology in one “sitting” rather than wearing 
an uncomfortable device as a daily reminder of an 
already frustrating problem. Further study would 
be necessary to demonstrate the effectiveness of this 
approach. However, there have been no publications 
on this technique since 1987 [162]. 


Outcome analysis 
Prognosis 


This section presents the evaluable data for assess- 
ing the efficacy of varicocelectomy. Two large review 
studies and additional primary studies were available 
for analysis. Review of the literature was performed 
using MEDLINE, Ovid, and the Cochrane databases. 
Pryor and Howards assembled 15 papers evaluating 
the success of varicocele surgery [1]. Their review 
encompassed 2466 varicocelectomies. The over- 
all rate of improvement in semen quality was 66% 
(range 51-78%), and the overall reported pregnancy 
rate was 43% (range 24-53%). An extensive review 
of the literature published by Schlesinger and Nagler 
concluded that varicocelectomy does have a benefi- 
cial effect on sperm density [163]. It was noted that 
motility and morphology may improve significantly 
after varicocelectomy when an associated rise in den- 
sity was observed. Their review has been refined and 
expanded here, and the tables and discussion below 
reflect a comprehensive update of the Schlesinger 
and Nagler reviews (Tables 18.1-18.7) [164-173]. 

In spite of a considerable quantity of data dem- 
onstrating improved semen quality and pregnancy 
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Table 18.1. Randomized varicocelectomy trials: pregnancy rates 


Study Treated Controls Odds Semen Varicocele Control group 
ratio parameters definition 
Krause, 2002 [170] 16% (n= 31) 18% (n = 33) 0.875 Azoospermia Clinical only 
excluded 
Unal, 2001 [168] 10% (n= 21) 5% (nN =21) 2.00 Subclinical only Clomiphene citrate 
Grasso, 2000 [171] 3% (n = 34) 6% (n = 34) 0.485 Subclinical only 
Nieschlag, 1998 [169] 29% (n = 62) 25% (n= 63) 120) More grade 1 


varicoceles in 
control group 
56% vs. 40% 


Yamamoto, 1996 [172] 7% (n=45) 10% (n = 40) 0.643 Subclinical only 
Madgar, 1995 [167] 60% (n = 20) 40%(n = 25) 135 Excluded 
azoospermia 
Breznik, 1993 [173] 34% (n = 43) 53% (n = 46) 0.449 Included patients 
with normal semen 
parameters 
Vermeulen, 1986 [165] 41% (n= 105) 53% (n = 30) 0.3029 Subclinical 44% of control 
varicoceles group SC vs. 31% 
grade included treated 
Baker, 1985 [166] 47% (n = 283) 21% (n=611) 321 Excluded 
azoospermia 
Nilsson, 1979 [164] 8% (n=51) 18% (n=45) 0.394 Included patients 
with normal semen 
parameters 


Table 18.2. Randomized varicocelectomy trials: sperm density 


Study Patients (n) Comment Intake sperm Follow-up sperm Significance 
density density 
Krause, 2002 [170] 14 Sclerotherapy 17+210 1084225 S 
Unal, 2001 [168] 18 Controls DEER] POED I $ 
2 Varicocelectomy 479 +357 59.8 + 50.1 S 
Clomiphine citrate So +394 59.1 +460 S 
Grasso, 2000 [171] 34 Varicocelectomy 6.39 6 S 
34 Controls 6.17 5.83 S 
Yamamoto, 1996 [172] 45 High ligation 5+181 20.9+ 18.9 S 
40 Controls 51 +201 34+ 168 
Madgar, 1995 [167] 25 Varicocelectomy 5A 324 P< 0.05 
20 Controls 5$ De NS 
Nilsson, 1979 [164] 5il Palomo 47 +41 49 + 40 NS 
45 Controls 59 + 43 
a Estimated from graphical representation of data in Madgar et al. [166] 


rates following varicocelectomy, most of the studies controlled studies. Four of these studies demonstrated 
are uncontrolled [164,165]. There have been many improved sperm parameters and pregnancy rates 
uncontrolled studies of the effect of varicocelectomy [166-169]. However, six studies did not demonstrate 
on infertility, but there have been only 10 randomized 
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Table 18.3. Randomized varicocelectomy trials: motility 


Study Patients (n) Comment Intake motility Postoperative Significance 
motility 
Krause, 2002 [170] 14 Treated with NA -54+ 22.19 $ 
sclerotherapy 

18 Controls NA 2 E538 5 
Unal, 2001 [168] 2 Varicocelectomy 390 + 14.0 48.0 + 14.0} S 

2 Clomiphine citrate 43.8 + 20.5 58.9 + 13.6 S 
Grasso, 2000 [171] 34 Varicocelectomy 22.06 + 2.83 22.99 +27 $ 

34 Controls P53) se 5,12 20.49 + 4.31 
Nieschlag, 1998 [169] 14 Sclerotherapy NA NA 
Yamamoto, 1996 [172] 45 High ligation HPE 232+ 1669 NS 

40 Controls 272132 2ER NS 
Madgar, 1995 [167] 25 Varicocelectomy 30% 55% P < 0.001 

20 Controls 30% 33% NS 
Nilsson, 1979 [164] 51 Palomo 324+8 QD 7 NS 

45 Controls 3147 
a data reported as change in motility 
Table 18.4. Randomized varicocelectomy trials: morphology 
Study Patients (n) Comment Intake Postoperative% Significance 

morphology % normal 
normal 
Krause, 2002 [170] 14 Treated with NA NA 
sclerotherapy 

18 Untreated NA NA 
Unal, 2001 [168] 2 Varicocelectomy 69.1+16. 7044124 S 

2 Clomiphine citrate GALA 22 DAG 734+98 S 
Grasso, 2000 [171] 34 Varicocelectomy 30.06 + 3.01 29.60) S 

34 Untreated 31.82 + 3.25 31.94 + 3.73 S 
Nieschlag, 1998 [169] NA NA 
Yamamoto, 1996 [172] 45 High ligation 31.5 + 15.0 30+38.5 5 

40 No treatment 30.3 + 8.5 30.5 + 9.4 S 
Madgar, 1995 [167] 25 Varicocelectomy at 40 P < 0.005 

20 Controls 25 25 5 
Nilsson, 1979 [164] 51 Palomo 42 42 

45 Controls 41 


benefit, or reported a deleterious effect on fertility 


[164,165,170-173]. 


One of the best randomized prospective studies 
of patients with varicoceles, comparing those treated 


surgically with those treated by observation alone, was 
performed by Madgar et al. [167]. This study clearly 
demonstrated that varicocelectomy improves sperm 
parameters and fertility rates. Several randomized 
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Table. 18.5. Uncontrolled varicocelectomy trials: sperm density 


Study 


Hsieh, 2006 
Marmar, 2005 


Orhan, 2005 


Pasqualotto, 
2005 


Pasqualotto, 
2005 


Zini, 2005 


Gat, 2005 


Watanabe, 2005 


Kibar, 2002 


Onozawa, 2002 


Jungwirth, 2000 


Vazquez-Levin, 
1997 


Nieschlag, 1995 


Hirokawa, 1993 


Yavetz, 1992 


Patients 
(n) 


38 


50 
33 
61 
90 
18 
26 
272 


91 
7) 
107 


43 
43 


Comment 


lvanisevich 
Marmar 
lvanisevich 
Marmar 


Germ cell aplasia 


Maturation arrest 


= 5 veins ligated 


= 10 
Marmar 
Embolization 
Azoospermia 


Virtual 
azoospermia 


Severe 
oligoazoospermia 


High ligation 
Laparoscopic 
Marmar 
Subinguinal 
Observed 
Palomo 


Subinguinal micro 


Grade 1 
Grade 2 
Grade 3 


Microsurgical 


Treated 


lvanissevich 
Bernardi 


Embolization 


Intake 
sperm 
density 


242+ 18 
1192 E Gs) 
SO cse 

DE} ES 


OEL ax, S) 


19197 2222334, 


Sea 1} 32 


134446 
IIA 
34.6 + 6.0 
0.22 = 0.30 
0 


0.054 + 0.007 
0.54 + 0.04 


(Soh a= HENS) 
DOED 
Beye JS) 7 
22.1 £42 

30 OBI 
26.0 = 28.8 


51.7442 


427+ 6.1 
444478 
55,2 22 Ie) 


DAEZ 
e522 25) 
5595209] 


9.06 + 1.09 


PE 


Postoperative 
density 


41 +28 
1990 E00] 
3}3} ae eS) 
52-00 


12.05 + 4.8 


24.76 = 16.9 


DRGS) se 


TORS 
Si AN5) en Z 
38.4 + 7.6 
AS an {by 
SS Se: HS 


HONE 
U2. 2 test 


DEK E AS 
SASS 
59.4 + 50.2 
JOER 

41.9 + 45.7 
34.6 + 29.2 


64.3 + 5.6 


41.7 + 6.6 
SL ORENT 
89.2 + 34.7 


45.8 + 8.0 


AB) || 24 


67.47 + 9.2 


IOS ZN 
24 


Pregnancy 
rate 


37% 


55.1% @ 5 years 
48.9% @ 5 years 
56.4% @ 5 years 
No info 

80% 


30% 


25.5% (not sig 
from control 
group) 


Significance 


P<0.05 
P<0.01 


P=0.04 


P=0.08 
P=0.03 


P=0.09 
P=0.04 
P=0.54 
P < 0.001 
P < 0.03 
P < 0.001 


P < 0.001 


P<0.01 
P<0.01 
P<0.01 

P < 0.00002 
P>0.05 
P=0.09 


P < 0.0001 vs. 
control 


P < 0.01 vs. control 
P < 0.01 vs. control 


P < 0.01 vs. control 


P=0.008 


P< 0.05 
P<0.01 
P<0.01 
NS 

P<0.05 
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Table. 18.5. continued 


Study Patients Comment Intake Postoperative Pregnancy Significance 
(n) sperm density rate 
density 

Sayfran, 1992 28 Inguinal 54+ 62 118 + 121 P<0.05 

36 Embolization 56 +65 68 +91 

55 High ligation 47 +47 930+ 129 P< 0.05 
Rageth, 1992 BS) 9.92 ISi P<0.05 
Mehan, 1992 33 20.96 + 21.06 38.96 + 26.05 Not calculated 
Laven, 1992 27 47.4 + 43.9 68.9 + 46.2 P< 0.05 
Goldstein, 1992 271 36.97 46.85 P < 0.001 
Yarborough, 13 41 +39 20.2+58 P<0.05 
1989 
Parsch, 1989 72 Sclerosis 48.6 +61.8 65.6 + 84.8 P<0.05 

31 High ligation 40.9 + 46.6 55.7 +649 P<0.05 
Okuyama, 1988 10 Treated 259+118 - 

12 5 + 20.7 P<001 
Nilsson, 1979 51 47 +41 49 + 40 NS 
Rodrigues- 24 17.02 + 3.26 2732 +68 P<0.01 
Rigau, 1978 
Johnsonen & 21 44 100 P<001 
Agger, 1978 


trials have been performed more recently, but they 
suffer from assorted weaknesses (Table 18.1) [164- 
173]. It is important to critically evaluate studies 
assessing the effectiveness of varicocelectomy in the 
treatment of infertility. Inclusion or exclusion criteria 
may have a significant impact on the reported results. 
For instance, Krause et al. [169], Madgar et al. [167], 
and Baker et al. [166] excluded men with azoosper- 
mia, while Breznik et al. [173] and Nilsson et al. [164] 
included men with normal semen parameters. Unal 
et al. [168], Grasso et al. [171], and Yamamoto et al. 
[172] included or focused exclusively on patients 
with subclinical varicoceles. Therefore, since different 
populations were included, a meta-analysis of the ran- 
domized data would be inherently flawed. In Tables 
18.2-18.4 [164,167-172], we have analyzed the results 
of the randomized studies which presented evalu- 
able data on specific semen parameters. Only two of 
six studies [167,168] showed improvement in sperm 
density (Table 18.2). The study by Madgar et al. [167] 
was the only one that demonstrated improvement in 
motility and morphology (Tables 18.3-18.4). 


Prognostic variables 


Despite the lack of good randomized data supporting 
varicocelectomy, numerous nonrandomized stud- 
ies support its efficacy. Perhaps the most frequently 
quoted study is the early study by Dubin and Amelar 
[79]. They found a higher pregnancy rate postopera- 
tively in patients with preoperative sperm densities 
greater than 10 million/mL. Brown reported similar 
findings [174]. However, Cockett et al. reported an 
increased pregnancy rate in patients with sperm con- 
centrations less than 10 million/mL [4]. Each of these 
studies attempted to utilize sperm concentrations 
as prognostic indicators of efficacy. In an attempt to 
identify prognostic factors predicting postopera- 
tive pregnancies, Marks and colleagues showed four 
preoperative variables to be of value [68]. The absence 
of testicular atrophy was found to indicate a good prog- 
nosis: 56% of patients with normal testicular size estab- 
lished pregnancies, compared with a 33% pregnancy 
rate in patients with testicular atrophy. Patients with 
initial sperm counts of 50 million or more per ejaculate 
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Table 18.6. Uncontrolled varicocelectomy trials: motility 


Study 


Hsieh, 2006 
Marmar, 2005 
Pasqualotto, 2005 
Pasqualotto, 2005 
Orhan, 2005 


Pasqualotto, 2005 


Zini, 2005 
Gat, 2005 


Watanabe, 2005 


Kibar, 2002 
Jungwirth, 2000 


Vazquez-Levin, 1997 


Sayfran, 1992 


Rageth, 1992 
Laven, 1992 


Goldstein, 1992 
Yarborough, 1989 


Parsch, 1989 


Okuyama, 1988 


Rodrigues-Rigau, 1978 


Patients 
(n) 
254 


60 
28 
32 
82 
65 
28 


PYD 


271 


a forward progressive motility 


> motility index 


Comment 


Ivanisevich 


Germ cell aplasia 
Maturation arrest 
lvanisevich 
Marmar 

=5 Veins ligated 
5-9) 

210 

Marmar 
Embolization 
Azoospermia 


Virtual azoospermia 


Severe oligoazoospermia 


High ligation 
Laparoscopic 
Marmar 
Subinguinal 
Subinguinal micro 
Grade 1 
Grade 2 
Grade 3 
Microsurgical 
Inguinal 
Embolization 


High ligation 


Sclerosis 
High ligation 


Treated 


Intake motility 


20E 
30.00 = 12.10 
44.3 + 25.6 
Bish) 22 Leyl 
29+ 84 
29 
459+ 42.8 
35.4 + 14.6 
IOF = AS 
209E 
GTO SE 
0 

6.07 = 2.69 
13.96 + 3.06 
Sey Oise 27,1 
404 + 18.8 
32.4 + 26.0 
D3 222. 
7 Ase Oye 
98) ae Io" 
Ieee hs 
i222 Sys 
26.4 + 2.6 
73 + 48° 
62 + 45° 
7 ze Si" 
35.6 


54.3 + 14 
39.62 


JO SE 36 
36 + 14.6 
Sho) ae ARS) 


Ai Aa S) 


Postoperative 
motility 


47+ 16 
44.02 + 9.51 
41.3 + 19.6 
42.4 + 22.6 
3a 2 3h 
34 + 13.1 
428+ 213 
43.7 + 183 
41.55 + 15.7 
DRIN 5 2A 
AIOE ZO) 
1,20) 25 SMe 
358 AO 
33.24 + 3.13 
39) | E22 
42.5 + 22.6 
33 32617. 
45.1 + 1.9 
2S Seralisa 
Sooma 
AS Se Nel 
21.6 = 607 
SO se Al 
O7 a Se 

G E Sy? 

88 + 54° 
SW 


5)2)3) 22 2) 
45.66 


39.2 + 4.4 
40.3 + 12.1 
45.3 + 10.8 
622 153 
307 22 sil 
423 +5.1 


Significance 


P<0.05 
P<0.001 
P=0.09 
P=0.08 
P=0.01 
P=0.01 
P=0.09 
P=0.09 
P=0.09 
NS 
P<0.01 
P<0.01 
P<0.01 
< 0.01 
NS 

NS 

NS 
P<0.01 
P < 0.001 
P<0.01 
P < 0.001 
Sa 

S 


NS 
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Table 18.7. Uncontrolled varicocelectomy trials: morphology 


Study Patients (n) Comment 
Hsieh, 2006 254 Ivanisevich 
Marmar, 2005 60 armar 
Orhan, 2005 82 Ivanisevich 
65 armar 
Zini, 2005 37 armar 
Gat, 2005 101 Embolization 
Grober, 2004 334 armar 
Kibar, 2002 90 Subinguinal 
Goldstein, 1992 27) 
Yarborough, 1989 13 
Parsch, 1989 72 Sclerosis 
31 High ligation 
Okuyama, 1988 10 Treated 
13 
Nilsson, 1979 Sil 
Johnsonen & 21 
Agger, 1978 


were significantly more likely to establish pregnancies 
after varicocelectomy. Thirty percent of patients with 
preoperative sperm motility of less than 60% initiated 
pregnancies postoperatively, whereas 60% of those 
with normal preoperative motility produced pregnan- 
cies. As expected, elevation of FSH was a poor prog- 
nostic indicator. In this study, only 25% of patients 
whose FSH was above 300 ng/mL achieved pregnan- 
cies, whereas 46% of patients with normal FSH levels 
(< 300 ng/mL) initiated pregnancies. The studies of 
Steckel et al. [81] and Dubin and Amelar [80] similarly 
found no relationship between the clinical grade of the 
varicocele and postoperative pregnancy rates despite 
improvements in semen variables. Tinga et al. studied 
the relationship between varicocele size and progno- 
sis, and reported a significant relationship between the 
grade of the varicocele and semen quality improvement 
[175]. However, they found no relationship between 
varicocele size and postoperative pregnancy rates. 
Standard semen analysis is limited in its ability 
to differentiate fertile from infertile males. In fact, 


Intake 
morphology 
normal values 


Postoperative 
morphology 
normal values 


Significance 


Not specified Not specified No significant 
improvement 
14.65% 25.28% P<0.001 
98+ 0.7% 8+ 0.8% P < 0.001 
9.0 + 0.5% 7 + 0.6% P < 0.001 
21.2 + 1.8% 234 + 1.6% P=0.08 
3.79 + 0.74% 3.72 + 1.37% P< 0.005 
35.8+1.4% 37.7+1.5% 
2.6+05% 0.2+0.9% P < 0.0001 
48.42 52.1 P<0.001 
528+24 55.9+47 NS 
32.6 + 22 374 + 207 P < 0.05 
Dae WS) ADD == I P < 0.05 
71.9 + 13.6 P< 0.01 
4254177 = 
44419 44413 NS 
46 53 P< 0.025 


pregnancies attributed to alterations in semen vari- 
ables may be unrelated. Other parameters have been 
used for the evaluation of varicocele efficacy. Rogers et 
al. attempted to demonstrate functional improvement 
after varicocelectomy using the sperm penetration 
assay [176]. In their study, 70% of those who achieved 
a pregnancy demonstrated improvement in the sperm 
penetration assay. 

Reactive oxygen species have been implicated 
as mediators of the abnormal spermatogenesis 
observed in the presence of the varicocele [177]. In 
the pathophysiology section above, the relationship 
between apoptosis and cadmium levels was discussed. 
Preliminary data showed that the amount of cadmium 
in the testis biopsy was indicative of the extent of dam- 
age caused by varicoceles. The patients with low intra- 
testicular cadmium levels prior to varicocelectomy 
were noted to have a greater improvement in sperm 
counts than those patients with higher cadmium levels 
[178]. Unfortunately, pregnancy data were notincluded 
in this study. Acrosome reaction via the acrobeads 
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test has been used to assess sperm quality in a small 
study of infertility patients who underwent varicoce- 
lectomy [179]. The couples who achieved pregnancy 
(n = 10) had a statistically significant improvement in 
sperm acrosome status (using the acrobeads test) when 
compared to those who did not achieve pregnancy. 
The authors suggest that this test may provide a bet- 
ter method of testing for sperm function than standard 
semen parameters. More recently, attention has been 
directed to assessing sperm DNA integrity in male- 
factor infertility. Human sperm DNA damage or frag- 
mentation may adversely affect fertility outcomes [180]. 
Zini et al. showed that the percentage of spermatozoa 
with DNA denaturation decreased following varicoce- 
lectomy to 24.6%, from 27.7% preoperatively (P < 0.05) 
[181]. While new tests of varicocele repair efficacy are 
being used, there is no adjunctive testing established 
that predicts the response to varicocelectomy. 


Adjuvant hormonal therapy 


The value of hormonal therapy after varicocelectomy 
is unclear. Dubin and Amelar reported that adju- 
vant human chorionic gonadotropin (hCG) resulted 
in better semen parameters and pregnancy rates in 
patients with counts less than 10 million/mL than in 
those treated with varicocelectomy alone [80]. These 
authors treated patients with sperm counts of less 
than 10 million/mL with injections of hCG, 4000 units 
intramuscularly twice weekly for 10 weeks. A 55% 
improvement in semen quality and a 45% pregnancy 
rate was observed. Cockett et al. used clomiphene cit- 
rate, 25 mg/day for 25 days with a five-day rest period, 
and reported a 53% pregnancy rate [4]. However, other 
authors using adjuvant clomiphene citrate reported no 
advantage [182,183]. Except in patients with a demon- 
strated gonadotropin deficiency, it is unclear whether 
exogenous hormones have an effect in the varicocele 
patient. Rodrigues-Netto recommends repeating the 
patient's endocrine studies two months after adjuvant 
endocrine therapy, and suggests that if an increase 
in FSH is noted without improvement in the semen 
analysis, therapy be discontinued [184]. Raman and 
Schlegel discussed the use of an aromatase inhibitor, 
testolactone, in infertile patients [185]. A subgroup of 
these patients (n = 18) had previously undergone avari- 
cocelectomy. These patients showed an increase in tes- 
tosterone-to-estradiol ratios (5.5 + 0.5 vs. 11.8 + 2.1, 
P < 0.005). While the authors did not discuss improve- 
ments in semen parameters or fertility for this group 
specifically, they demonstrated an increase in sperm 
concentration and motility index in men treated with 


the aromatase inhibitor. Results were recorded only for 
the 25 of 140 subfertile patients for whom semen ana- 
lysis data were available. A prospective trial would be 
necessary to evaluate specifically the use of aromatase 
inhibitors to enhance the efficacy of varicocelectomy. 
Adjuvant therapy is empiric therapy and has not been 
definitively demonstrated to be effective. 


Varicocelectomy and azoospermia 


Although Tulloch’s classic article reported the initia- 
tion of spermatogenesis in a man with azoospermia, 
azoospermia has generally been regarded as a con- 
traindication to varicocelectomy [16]. Recently, there 
has been renewed interest in varicocelectomy in the 
azoospermic patient. Tables 18.8 through 18.10 present 
data for sperm density, motility, and morphology for 
azoospermic patients. Esteves and Glina biopsied all 
azoospermic men who underwent microsurgical vari- 
cocelectomy [186]. Improvement was observed after 
varicocelectomy in men with hypospermatogenesis (5 
of 6), and maturation arrest (3 of 5), but not in the six 
men with Sertoli-cell-only syndrome. Testicular histol- 
ogy may predict technical success of varicocelectomy 
in the azoospermic patient. Even with the appearance 
of sperm in the ejaculate, it is likely that the infertile 
couple will require assisted reproductive technology. 


Complications of varicocele therapy: 
surgical and venographic 


Recurrence or persistence of varicocele after therapy is 
the most common complication of varicocele therapy. 
After surgical therapy, the recurrence rate has been 
reported to be between 0% and 20%. The recurrence 
after venographic techniques is reported to be between 
2% and 12% [1]. In a recent series, 206 of 223 (92%) of 
attempted embolizations were technically feasible, and 
172/206 patients (83.5%) showed complete resolution 
of the varicocele; however, 34/206 (16.5%) had evidence 
of recurrence [187]. Thus the reported technical “suc- 
cess rate” for embolization may be as low as 77% after six 
months of follow-up. This result does not compare favor- 
ably with the recurrence rates of any of the large his- 
torical or contemporary surgical series. In 1977, Dubin 
and Amelar reported on 986 patients who underwent 
varicocelectomy [79]. Recurrence was noted in one 
patient. Obviously, there is wide variation in surgical 
and venographic skills, and success rates will depend on 
the experience of the radiologist or surgeon. However, 
most urologic surgeons have extensive experience in 
operating within the inguinal canal. Mostinterventional 
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Table 18.8. Effect of varciocelectomy on sperm density in patients with azoospermia 


Study Patients (n) Comment Follow-up Pregnancy Significance 
sperm density rate 
Gat, 2005 32 Azoospermia 3.81 +1.69 - P<0.03 
31 Virtual azoospermia 10.31 + 1.87 = P<0.001 
Esteves, 2005 17 Hypospermatogenesis eS) = 
Pasqualotto, 2003 15 Microsurgical repair 2.54 7% 
Kim, 1999 28 Microsurgical repair 12436 One via IUI One 
via TESE 
Matthews, 1998 22: Azoospermia Doe atl 14% 
Table 18.9. Effect of varicocelectomy on motilty in patients with azoospermia 
Study Patients (n) Comment Postoperative Significance 
motility 
Gat, 2005 2P. Azoospermia 1.20 + 3.62 P< 0.01 
31 Virtual azoospermia 35.8 + 2.76 P<0.01 
Esteves, 2005 17 Hypospermatogenesis 0.8 
Pasqualotto, 2003 15 Microsurgical repair 18 
Kim, 1999 28 Microsurgical repair 19 +24 P<0.001 
Goldstein, 1998 22 Azoospermia PIA] P < 0.05 
Table 18.10. Effect of varicocelectomy on morphology in patients with azoospermia 
Study Patients (n) Comment Follow-up sperm Signifcance 
morphology 
Gat, 2005 101 Embolization 13.72 £ 1.37% P < 0.005 
Esteves, 2005 17 Hypospermatogenesis 5.7% 
Pasqualotto, 2003 15 Microsurgical repair 2% 


radiologists are now adept at embolization techniques. 
There are complications that are specific to the vari- 
ous techniques. Surgical repair may be accompanied 
by hydrocele formations (3%), epididymitis (less than 
1%), and, rarely, wound infections [79]. No recurrence 
was reported for contemporary microsurgical vari- 
cocelectomy, andhydrocele formation was 1.3% (5/304). 
With the retroperitoneal approach, the recurrence rates 
reported were 7% (8/109), and hydrocele formation 
was 6.4% (7/109) [188]. In a retrospective review by 
Richardson and Nagler, of 368 varicocelectomies in 
patients not receiving perioperative antibiotics, the 
incidence of culture-documented wound infection 
was 0.5% [189]. 

The major complication associated with balloon 
occlusion of varicoceles is balloon migration. This 


has been reported, but no clinical sequelae were noted 
[156,157]. Additionally, there are complications com- 
mon to all invasive radiologic techniques. Contrast 
extravasation is the most common, but reactions are 
rare. Spermatic vein phlebitis and pain occur infre- 
quently; inadvertent femoral artery puncture may also 
occur. The overall complication rate, as compiled by 
Pryor and Howards, is 11% [1]. 

Potential complications of the antegrade sclero- 
therapy technique include inability to cannulate the 
vein, testicular necrosis due to injection into the sperm- 
atic artery, and recurrence. In a randomized prospec- 
tive study by Mazzoni et al., the recurrence rate after 
antegrade sclerotherapy was 4.5%, which was simi- 
lar to the recurrence rate of 4.4% with their Palomo 
technique [190]. 
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Conclusion 


A review of the evolution of our understanding of the 
varicocele, as well as theories of its pathophysiology, 
makes us aware of our limited understanding of the 
mechanism by which the varicocele adversely affects 
spermatogenesis. While research in hypoxia and reac- 
tive oxygen species may provide new insights into 
the pathophysiology of the varicocele, our ability to 
assess the impact of an individual’s varicocele on that 
individual's semen analysis and our ability to pre- 
dict the response to varicocelectomy remain limited. 
Varicocelectomy remains a mainstay in the treatment 
of the infertile male. However, in the absence of control- 
led studies, clear predictive parameters remain prob- 
lematic, both for the physician and for the patient. 
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Introduction 


Reproductive difficulties encountered by couples are 
receiving increasing attention both in the news media 
and in public discussion. Several factors are respon- 
sible for this. Discoveries in biology have led to major 
advances in the availability and efficacy of infertil- 
ity treatments, such as in-vitro fertilization (IVF) 
and assisted reproductive technologies (ART), pro- 
viding new avenues of hope for the infertile couple. 
Socioeconomic and demographic trends over the 
past few decades have resulted in increasing numbers 
of women attempting pregnancy at a more advanced 
age, when they are biologically less fertile. These 
trends include greater focus on education and careers 
among women, tendency to delay marriage, increased 
numbers of second marriages, and readily available 
and acceptable contraceptive methods. Advances in 
information technology have greatly improved access 
to information for couples seeking pregnancy, and 
improved access to treatment has also contributed to 
a higher number of couples seeking infertility care. 
Because infertility problems are more visible and 
socially acceptable, couples tend to be evaluated and 
treated earlier, when success rates are higher. Although 
little has changed in our knowledge about the diag- 
nosis and underlying pathophysiology of infertility, 
significant advances in treatment have led to a focus 
on early screening and diagnosis, leading to treatment 
that is more proactive, specific, and effective. 

Couples should be considered as a unit and be 
evaluated in a parallel manner until a significant 
problem is uncovered. Although partners are often 
being cared for by different physicians, they should 
be interviewed together whenever possible, especially 
during the initial visit. This allows the physician to gain 
information regarding their dynamics as a couple as 
well as their individual motivation, and it helps to iden- 
tify and alleviate the stress the infertility investigation 


a \ Evaluation of female infertility 
for the non-gynecologist 


tends to elicit. At all times during the infertility evalua- 
tion, the couple should feel free to question the indica- 
tion, rationale, and outcomes of various diagnostic and 
therapeutic maneuvers. An explanation of the funda- 
mental aspects of both male and female reproductive 
biology helps to achieve this goal. 

The diagnostic evaluation of the female should 
proceed in a logical, timely, and cost-effective seq- 
uence to elucidate possible causes of the infertility. 
Communication between the physicians treating the 
female and the male allows a workup that is both effi- 
cient and appropriate and avoids unnecessary tests 
and procedures. Our role as physicians is to provide 
accurate information, dispel myths regarding fertility, 
and provide emotional support and counseling, while 
remaining conscious of the couple’s medical and finan- 
cial limitations. Whether the infertility evaluation is 
carried out by the urologist, andrologist, or primary 
care provider, an understanding of the basic compo- 
nents of female infertility evaluation and prognostic 
factors is essential to providing appropriate counseling 
and/or referral. 


Causes of infertility 


Eighty-five percent of couples with regular, unpro- 
tected intercourse conceive within one year [1]. Those 
failing to achieve pregnancy within this time frame usu- 
ally should commence investigation. Earlier investiga- 
tion is indicated in women over age 35, those with a 
history of pelvic infections or surgery, infertility with a 
previous partner, known abnormalities of the uterus or 
fallopian tubes, prior treatment with gonadotoxic agents, 
history of endometriosis, and menstrual cycle abnor- 
malities suggestive of ovulatory dysfunction. Partners 
of men with obviously poor semen quality or men who 
are candidates for surgical correction of obstructive 
azoospermia (e.g., vasectomy reversal) should receive 
a basic evaluation to assess whether there are factors 
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Fig. 19.1. (A) Primary female diagnosis in 21 published reports including 14 141 infertile couples. (Reproduced with permission from Collins 
HA. Unexplained infertility. In: Key WR etal., eds. Infertility: Evaluation and Treatment. Philadelphia, PA: Saunders 1995: 249-62.) (B) Primary 
female infertility diagnoses in 8500 infertile couples using a standardized diagnostic protocol. (With permission from Recent Advances in 


Medically Assisted Conception. WHO Technical Report Series 820, 1992.) 


that may warrant consideration of early ART (e.g., tubal 
disease, endometriosis, greater female age, or decreased 
ovarian reserve). In these cases, primary treatment with 
IVF and surgical sperm retrieval may be warranted. 
Human reproduction is a complex process that can 
be broken down into several components, any one of 
which could affect fertility. A comprehensive assess- 
ment of each of these components is paramount, as 
many couples are found to have a combination of fac- 
tors contributing to their infertility. Sperm of optimal 
quality must be deposited near the cervix at the time 
of ovulation, ascend into the fallopian tube and have 
the capability to fertilize the oocyte (male factor). The 
cervix must be able to capture, filter, and release sperm 
into the uterus and fallopian tubes (cervical factor). 
Ovulation of a mature oocyte must occur on a regu- 
lar, predictable basis (ovulatory factor). The peritoneal 
cavity must allow normal sperm/oocyte interaction 
and normal anatomical relationships between the dis- 
tal tube and the ovarian surface (peritoneal factor). The 
fallopian tubes must be able to capture the ovulated ova 
and allow for normal transport of sperm and embryos 
(tubal factor). Finally, the uterus must provide a hos- 
pitable environment with normal configuration, blood 
supply, and hormonal preparation to allow implanta- 
tion and early embryo development (uterine factor). 
An accurate estimate of the prevalence of various 
infertility diagnoses is difficult to ascertain, because 


of variability in the extent of evaluation and the coex- 
istence of multiple infertility factors. In an excellent 
quantitative analysis of the causes of female infertil- 
ity, Collins reviewed 21 published results of 14 141 
infertile couples (Fig. 19.1A) [2]. The primary diag- 
noses of these individuals were ovulatory disorders 
(27%), abnormal semen parameters (25%), tubal 
defects (22%), endometriosis (5%), others (4%), and 
unexplained (17%). The World Health Organization, 
using a standardized diagnostic protocol, conducted a 
study of 8500 couples, looking at diseases in the male 
and female (Fig. 19.1B) [3]. The diseases most often 
identified in the female were ovulatory disorders 
(25%), pelvic adhesions (12%), tubal occlusion or 
abnormality (21%), hyperprolactinemia (7%), and 
endometriosis (15%). 


History and physical 

The cornerstone of the workup of the infertile female 
isa careful history and physical examination. An infer- 
tility questionnaire that addresses most of the important 
historical points is extremely useful (Table 19.1) [4,5]. 
Age, duration of infertility, and past reproductive his- 
tory (infertility, gravidity, pregnancy outcome) are 
useful in determining prognosis. The history should 
include detailed information about menstrual regu- 
larity, flow, cycle interval (normal generally 21-35 
days), and the incidence and frequency of unscheduled 
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Table 19.1. History 
Gravity, parity and pregnancy outcomes or complications 


Cycle length and characteristics, onset and severity of 
dysmenorrhea 


Coital frequency, and any sexual dysfunction 


Duration of infertility and results of any previous evaluation 
and treatment 


Past surgery and past or current medical illnesses 

Previous abnormal Pap smears and subsequent treatment 
Current medications and allergies 

Occupation and use of tobacco, alcohol, and recreational 
drugs 

Family history of birth defects, mental retardation, early 


menopause, or reproductive failure 


Symptoms of thyroid disease, pelvic or abdominal pain, 
galactorrhea, hirsutism, and dyspareunia 


bleeding. Previous gynecologic procedures, such as cer- 
vical conization, treatment of septic abortion, and pelvic 
surgery may implicate an anatomical cause of infertility. 
Symptoms of possible endocrinopathy, such as hyper- or 
hypothyroidism, galactorrhea, hirsutism, acne, or insu- 
lin-resistance should be elicited. History of eating disor- 
ders, excessive exercise, unusual weight gain or loss, and 
past or current exposures to gonadotoxic agents such 
as smoking, chemotherapy, or radiation should also be 
identified. Severe or progressive dysmenorrhea and dys- 
pareunia may suggest endometriosis. A history of previ- 
ous pelvic surgery, septic abortion, ruptured appendix, 
or sexually transmitted diseases may raise the suspicion 
for tubal or peritoneal disease. A history of alcohol or 
recreational drug abuse, excessive caffeine intake, or 
tobacco smoking may also adversely affect reproductive 
potential. Finally, inquiry into the frequency and timing 
of intercourse and erectile or ejaculatory dysfunction 
may uncover other correctable causes of infertility. 
Although a non-gynecologist (e.g., urologist or 
andrologist) would not be carrying out the physical 
examination, many findings may be obtained from 
the female during the initial interview. Abnormal 
body mass index, galactorrhea, thyromegaly, signs of 
androgen excess (e.g., hirsutism, acne, clitoromegaly), 
Cushingoid features, and acanthosis nigricans may 
support suspicion of endocrinopathy associated with 
ovulatory dysfunction. On pelvic examination, the size 
and position of the uterus and ovaries, appearance of 
the cervical os and mucus, and presence of tenderness 
or nodularity may suggest the presence of fibroids, 
cysts, or endometriosis. In the majority of cases, how- 
ever, physical examination will becompletely normal; 


Table 19.2. Physical examination 

Weight and body mass index 

Thyroid abnormalities 

Breast secretions 

Androgen excess, e.g., hirsutism 

Pelvic or abdominal tenderness or organ enlargement 
Vaginal or cervical abnormality, secretions, or discharge 
Size, shape, and mobility of uterus 

Adnexal mass or tenderness 


Cul de sac mass, tenderness, or nodularity 


therefore, associated imaging of pelvic anatomy and/ 
or hormonal assessment will be indicated to detect or 
confirm abnormalities (Table 19.2) [4]. 


Measuring clinical success 


Most reproductive endocrinologists use the concept of 
fecundability in addition to discussing pregnancy rates. 
Fecundability is the probability of achieving pregnancy 
in one menstrual cycle (approximately 0.20-0.25 in 
healthy young couples) [6]. A similar concept, fecun- 
dity, is the ability to achieve a pregnancy that results in 
a live birth in one menstrual cycle [7]. Fecundability is 
a valuable clinical and scientific concept, as it creates 
the framework for the quantitative analysis of fertil- 
ity potential. It also provides a convenient quantitative 
estimate of the efficacy of various fertility options. For 
instance, an infertile couple with an estimated fecund- 
ability of 0.04 may choose a low-cost treatment (e.g., 
clomiphene citrate plus intrauterine insemination) that 
increases the fecundability to approximately 0.08, or a 
more expensive treatment (e.g., IVF) that may increase 
the fecundability to 0.35 [5,8]. 

It must also be remembered that not all pregnancies 
produce a live birth. “Occult” pregnancy is defined as a 
pregnancy that terminates so quickly after implantation 
that there is no clinical suspicion of its existence [9]. A 
“chemical” pregnancy, on the other hand, occurs in the 
presence of a clinical suspicion of a pregnancy with a 
confirmation of an elevated human chorionic gonado- 
tropin (hCG) when there is no evidence of the pregnancy 
detected by early first-trimester ultrasound. In a prospect- 
ive study of couples attempting to conceive, 31% of all 
pregnancies were lost, and 41% of these were categorized 
as occult [9]. The proportion of clinically recognized 
pregnancies that result in spontaneous abortion is 
approximately 15%, increasing significantly according 
to the age of the female partner [10]. 
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Factors affecting prognosis 


Factors affecting prognosis in couples with infertil- 
ity include prior fertility history, duration of infertil- 
ity, diagnosis, and age. The most important factor 
affecting prognosis is the age of the female partner. 
As women near the end of the fourth decade, there is a 
steady and pronounced decline in the incidence of con- 
ception and live birth, whereas the incidence of early 
spontaneous abortion rises. This decline occurs in spite 
of the fact that most women maintain regular ovula- 
tory function until within 1-2 years of menopause 
(average age 51). Ovulatory frequency remains high 
(95%) in menstruating women aged 40-55 until the 
onset of oligomenorrhea, when the percentage of ovu- 
latory cycles drops significantly [11]. Women experi- 
ence their highest reproductive potential in their early 
20s, with a gradual decline thereafter until the late 30s, 
when the rate of decline becomes more pronounced 
(Fig. 19.2). Evidence for the effect of female age on 
natural fecundity rates was provided by Menken and 
Larsen, who reported birth and spontaneous abortion 
rates for married couples in seven populations meet- 
ing the following criteria: (1) marriage later in life is 
relatively common, (2) contraception is not prac- 
ticed, (3) premarital conceptions rarely occur, and (4) 
accurate birth records are available [12]. These data 
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Fig. 19.2. Live birth and spontaneous abortion rates according to 
female age. (From Heffner L. Advanced maternal age: how old is too 
old? N Engl J Med 2004; 351: 1927-9, with permission. Copyright © 
2004 Massachusetts Medical Society. All rights reserved.) 


demonstrated that the fecundity of the couple is much 
more dependent upon the age of the female than that of 
the male, with the percentage of married women remain- 
ing childless rising steadily with age: 6% at age 20-24, 9% 
at age 25-29, 15% at age 30-34, 30% at age 35-39, and 
64% at age 40-44. In these populations, the average age 
of women at the birth of the last child ranges between 39 
and 42 [13]. Pregnancy rates reported for donor insemin- 
ation cycles (eliminating the variables of coital frequency 
and fertility of the male) also illustrate this phenomenon. 
Data from a French registry of donor sperm insemin- 
ation cycles in 2193 women married to azoospermic men 
demonstrated that cumulative conception rates declined 
significantly after the age of 30 [14]. 

The impact of female age on fertility is also evident 
in pregnancy and live birth rates after ART. In addition 
to producing fewer eggs and embryos, older women 
produce embryos that are less likely to implant than 
those derived from the oocytes of younger women. 
According to the 2004 CDC report of ART success rates 
in the United States, a striking age-associated decline 
in pregnancy rates per embryo transfer and a corres- 
ponding increase in miscarriage rates are observed 
(Fig. 19.3) [8]. The low delivery rates per embryo trans- 
fer observed in older women are particularly strik- 
ing, in that only women who had adequate response 
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Fig. 19.3. Live birth and spontaneous abortion rates per embryo 
transfer in fresh, nondonor in-vitro fertilization cycles according 

to female age reported to the Centers for Disease Control, 2004. 
(From 2004 Assisted Reproductive Technology Success Rates: National 
Summary and Fertility Clinic Reports. US Department of Health and 
Human Services, Centers for Disease Control and Prevention, 2006.) 
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to stimulation and embryos available for transfer were 
included. There was no age-related decrease in preg- 
nancy rates for recipients of donor oocytes (Fig. 19.4) 
[8], and donor-egg IVF pregnancy and delivery rates 
have been shown to correspond to the age of the donor, 
rather than the recipient [15]. The absence of an age- 
related decline in live birth rates in oocyte-donation 
IVF cycles provides compelling evidence that infer- 
tility related to advancing maternal age is almost 
entirely related to changes in oocyte quality. 

Oocytes from normal women in their early 40s 
exhibit abnormalities in microtubule and chromo- 
some placement at the metaphase stage of meiosis II 
(Fig. 19.5) [16,17], and higher rates of single chro- 
matid abnormalities are reported in oocytes derived 
from older infertility patients following ovarian 
hyperstimulation [18]. Fluorescence in-situ hybrid- 
ization of blastomeres obtained from cleavage-stage 
embryos derived in IVF cycles reveals a high propor- 
tion of aneuploidy, with a striking increase in preva- 
lence after age 35 [19]. The incidence of spontaneous 
abortions, largely due to chromosomal abnormalities, 
also increases significantly with advancing maternal 
age. Oocyte abnormalities account for the rise in the 
incidence of chromosome abnormalities observed in 
liveborn infants, from about 1/500 for women under 
30 to 1/270 at age 30, 1/80 at age 35, 1/60 at age 40, and 
1/20 at age 45 [20]. 

Although much more subtle, there is also a slight 
decline in fecundity according to the age of the male 
partner. The decreased rates of conception observed in 
natural populations are generally thought to be due to 
changes in coital frequency and/or increased incidence 
of erectile or ejaculatory dysfunction [12]. However, a 
recent report of the influence of paternal age on preg- 
nancy rates in IVF cycles confirmed a statistically sig- 
nificant decrease in pregnancy rates in older men when 
controlling for female age [21]. Interestingly, investi- 
gators also observed a combined effect, wherein the 
lowest pregnancy rates were observed when both the 
male and female partners were older. In spite of these 
observations, counseling and treatment of the infertile 
couple is seldom influenced by the age of the male part- 
ner, except in consideration of nonmedical issues such 
as the health and longevity of the prospective father. 

The profound impact of maternal age is an import- 
ant consideration in the evaluation of the infertile 
couple, in counseling, and in determining the time line 
for evaluation and treatment. The initial approach to 
evaluation, as well as the long-term plan for treatment, 
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Fig. 19.4. Live birth rates per embryo transfer in fresh, nondonor 
(circles) and donor (squares) in-vitro fertilization cycles according 
to age of the woman undergoing transfer, CDC 2004. (From 2004 
Assisted Reproductive Technology Success Rates: National Summary 
and Fertility Clinic Reports. US Department of Health and Human 
Services, Centers for Disease Control and Prevention, 2006.) 


should be modified appropriately when an older couple 
is being treated. 


Ovulatory factor 


In order to understand hormonal assessment of the 
female as well as assessment of ovarian function, it is 
important to have a basic understanding of menstrual 
cycle physiology. Normalovulation is the result ofcoor- 
dinated stimuli and feedback between the hypothal- 
amus, pituitary, and ovary. Gonadotropin-releasing 
hormone (GnRH) is released in a pulsatile fashion 
by the hypothalamus, stimulating release of follicle- 
stimulating hormone (FSH) and luteinizing hormone 
(LH). The frequency of pulsation determines the ratio 
of LH and FSH secreted, with higher-frequency, lower- 
amplitude pulses occurring in the follicular phase [22]. 
Pituitary gonadotropin secretion is influenced by the 
serum level of ovarian hormones, which exert both 
positive and negative feedback on both the hypothal- 
amus and pituitary. Because of the dynamic nature of 
ovarian hormone and gonadotropin secretion across 
the menstrual cycle, it is critical to measure these 
hormones at specified times relative to the menstrual 
period (early follicular phase - FSH, LH, and estra- 
diol; luteal phase - progesterone). Figure 19.6 depicts 
serum levels of gonadotropins and ovarian steroids 
determined daily over 1.5 menstrual cycles, normal- 
ized to the LH surge in normal, ovulatory women in 
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Centrosome Disposition vs. Meiotic Spindle Assembly 
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Fig. 19.5. Schematic representation of the meiotic spindle in normal younger (left) and older (right) preovulatory oocyte. In the normal 
spindle, the microtubule nucleating centers in each centrosome are distinct, and there are multiple sites per spindle pole. In the aneuploid 
conditions, the nucleating centers are indistinct, almost ring-like. It is speculated that the capture of chromosomes may be abnormal due 
to this condition, leading to an increased propensity to aneuploidy. (From Battaglia D etal. Changes in centrosomal domains during meiotic 
maturation in the human oocyte. Mol Hum Reprod 1997; 2: 845-51.) See color plate section. 


two age groups (20-25 and 40-45). The only signifi- 
cant age-related difference between the two age groups 
is elevation of FSH throughout the menstrual cycle in 
the older age group, most pronounced in the early fol- 
licular phase [23]. 

Most ovulatory disturbances can be ascertained by 
simple history alone. Ovulatory women report regular 
menses, generally 21-35 days in length. Longer cycles 
may be ovulatory; however, the incidence of anovula- 
tion is high in cycles longer than 35 days, especially 
when the interval and/or flow are irregular. Other 
subjective signs of ovulation include ovulatory pain 
(mittelschmertz), cervical mucus changes (increased 
quantity, clarity, and “egg white” consistency), luteal- 
phase mastalgia, and other premenstrual symptoms. 
Dysmenorrhea is more common and pronounced in 
ovulatory than in anovulatory cycles. 

Ovulatory cycles are associated with a shift in the 
basal body temperature (BBT) coinciding with the LH 
surge (Fig. 19.7). This thermal shift is associated with 
progesterone secretion, falling just prior to onset of 
menses, except during conception cycles, when the 
elevated temperature is maintained. While easy and 


inexpensive, BBTs are inherently inaccurate, difficult 
to read, and tedious, and ovulation can be determined 
only retrospectively. Because of these limitations, the 
BBT has been largely replaced by urinary assays avail- 
able for home detection of the LH surge, providing reli- 
able and prospective evidence of ovulation. A serum 
progesterone level of > 3 ng/mL is considered confirma- 
tory of ovulation. The follicular phase length (time to 
ovulation) varies significantly among women with 
variable menstrual cycle length, whereas the luteal 
phase length is relatively stable, generally about 14 
days. Therefore, the proper timing of the progester- 
one assessment is approximately one week prior to 
expected menses (e.g., day 21 ofa 28-day cycle, day 28 of 
a 35-day cycle, etc.). Ultrasound monitoring may also 
be used to document dominant follicle development 
and collapse, although this is an expensive and usually 
unnecessary approach. Finally, endometrial biopsy in 
the luteal phase showing secretory histological changes 
is another means by which to verify ovulation, though 
it is not used clinically for this purpose. 

For patients with obvious ovulatory dysfunction 
(oligomenorrhea or amenorrhea), medical evaluation 
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Fig. 19.7. Schematic representation of the biphasic thermal shift 
in basal body temperature (BBT) corresponding to the peak in 
luteinizing hormone (LH). Vertical line, LH surge. 


of potential underlying causes should include screen- 
ing for thyroid disease (TSH) and hyperprolactine- 
mia. Women with clinical signs of androgen excess 
should also be screened for elevated testosterone 
and dehydroepiandrosterone sulfate (DHEA-S) and 
21-hydroxylase deficiency (17-hydroxyprogester- 
one). Ultrasound may provide supportive, but not 
diagnostic, evidence of polycystic ovarian syndrome 
(PCOS). This common condition is characterized by 
clinical or laboratory evidence of androgen excess 
associated with chronic anovulation, and bilateral 
ovarian enlargement with multiple small antral folli- 
cles (10 mm) apparent on ultrasound. Women with 
stigmata of Cushing syndrome should be evaluated 
with a 24-hour free urinary cortisol or dexamethasone 
suppression test. 


40 , Progesterone 


Fig. 19.6. Serum levels of follicle- 
stimulating hormone (FSH), luteinizing 
| hormone (LH), estradiol, and progester- 
one determined in normal, ovulatory 
A, women in two age groups (20-25, open 
i squares; 40-45, closed squares). Data 
are normalized to the day of peak LH 
(LH surge). FSH levels are significantly 
elevated throughout the menstrual cycle 
in the older age group (P < 0.05). There are 
no significant differences in levels of the 
other hormones between the two age 
groups. (From Klein NA etal. Age-related 
analysis of inhibin A, inhibin B, and activin 
A relative to the intercycle monotropic 
follicle-stimulating hormone rise in nor- 
mal ovulatory women. J Clin Endocrinol 
Metab 2004; 89: 2977-81, with permission. 
Copyright 2004, The Endocrine Society.) 


A progestin challenge test (administration of5-10 
days of medroxyprogesterone acetate, micronized 
progesterone, or a single injection of 100 mg proges- 
terone-in-oil) serves as a clinical measure of estrogen 
status - a positive withdrawal bleed indicates prior 
endometrial estrogen exposure. Failure to withdraw 
indicates hypoestrogenemia, due either to ovar- 
ian failure or to hypogonadotropic states. Ovarian 
as opposed to hypothalamic-pituitary etiologies 
of amenorrhea can be distinguished by obtaining a 
serum FSH level, with FSH elevation being indicative 
of ovarian failure. Women with secondary amenor- 
rhea who have a negative progestin challenge, normal 
FSH, and history of previous uterine instrumentation 
should be further assessed with another progestin 
challenge after exogenous estrogen administration 
to exclude Asherman syndrome (partial or complete 
obliteration of the endometrial cavity by intrauterine 
synechia). 

Qualitative abnormalities in ovarian stimula- 
tion and hormone secretion can also occur in ovula- 
tory women. This endocrinopathy most frequently 
presents as a shortening of the luteal phase associated 
with decreased integrated luteal phase progesterone 
secretion. This condition, referred to as “luteal phase 
deficiency” (LPD) may contribute to infertility or early 
pregnancy failure due to inadequate endometrial prep- 
aration for implantation. This deficiency is the subject 
of some debate, and does not appear to constitute a 
major cause of infertility. However, patients with obvi- 
ous deficiency in progesterone production may benefit 
from either luteal progesterone supplementation or 
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augmentation through ovulation induction. Methods 
used to diagnose LPD include observation of a luteal 
phase less than 11 days according to BBT or urinary 
LH detection, endometrial biopsy, and evaluation of 
serial progesterone levels. For many years, the “gold 
standard” was considered to be a late luteal phase 
endometrial biopsy; the histological appearance of the 
endometrial glands and stroma change daily through- 
out the luteal phase, correlating with the number of 
days of progesterone exposure. However, biopsy is 
uncomfortable, expensive, and subjective; therefore, it 
is not a commonly used diagnostic tool. Jordan et al. 
reported that three serum progesterone levels obtained 
over a five-day period from the fifth to the ninth day of 
the LH surge correlate better with daily progesterone 
levels than endometrial biopsy [24]. A combined level 
of 30 ng/mL (or average level = 10 ng/mL) is consid- 
ered the normal limit. 


Cervical factor 


In order for fertilization to occur, the cervix must serve 
as aconduit and reservoir for sperm. Prior to ovulation, 
elevated estradiol acts on the endocervical epithelium 
to increase the saline content of the cervical mucus 
in addition to changing the population of leukocytes 
present. Patients with anatomical (e.g., prior coniza- 
tion), inflammatory (e.g., cervicitis), and hormonal 
(e.g., patients on clomiphene citrate, with its anties- 
trogenic properties) disorders of cervical mucus pro- 
duction may have inadequate quantity and quality of 
cervical mucus for normal sperm transport. Although 
very uncommon, cervical-factor infertility as an iso- 
lated factor is an easily treated cause of infertility 
through intrauterine insemination, which effectively 
bypasses the cervix. Evaluation of the cervix is best 
done by visual inspection of the os and of the charac- 
ter of cervical mucus - clarity, quantity, spinnbarkeit, 
and cellularity - just prior to and during ovulation. 
Mucopurulent discharge, a sign of cervicitis, should 
be further evaluated with cultures for chlamydia and 
gonorrhea. The postcoital test is another means by 
which to assess the sperm-mucus interaction, serving 
as a measure of the quality of mucus and/or a screen 
for evidence of antisperm antibodies. A sample of cer- 
vical mucus is obtained between 2 and 18 hours after 
intercourse in the immediate preovulatory phase and 
examined microscopically for the presence of progres- 
sively motile sperm. However, due to low predictive 
value and poor specificity, this test remains controver- 
sial and is infrequently performed. 


Tubal factor 


An important part of the basic infertility evaluation 
is assessment of fallopian tube patency. A hystero- 
salpingogram, or HSG, is the most frequently utilized 
modality for tubal assessment (Fig. 19.8). Performed 
in the early to mid-follicular phase, an HSG consists 
of injection of iodinated contrast through a cannula 
or catheter placed into the endocervical canal or lower 
uterine segment while observation takes place through 
continuous or intermittent fluoroscopy. A tenaculum 
is often placed on the cervix to allow manipulation of 
uterine position so that the best images can be obtained. 
Information gained includes the shape and size of the 
uterine cavity, proximal and distal tubal patency, and 
caliber and mucosal pattern of the ampullary portion. 
Other findings may include filling defects within the 
uterus representing polyps, fibroids, or synechiae, 
congenital anomalies, salpingitis isthmica nodosa, 
and loculation of contrast outside the tubes suggest- 
ing the presence of pelvic adhesions. Intravasation 
into the myometrium may be associated with the pres- 
ence of myomas, adenomyosis, or retained products of 
conception. Proximal tubal occlusion usually cannot 
be distinguished from spasm of the myometrium sur- 
rounding the interstitial portion of the tube. Repeat 
HSG, selective tubal cannulation, or laparoscopy is 
necessary to distinguish between a true and functional 
proximal tubal occlusion. 

Contrast used in HSGs can be either water- or 
oil-based. Oil-based contrast has been discouraged 
by some because of concern about embolization after 
intravasation or granuloma formation in cases of dis- 
tal tubal occlusion. However, low molecular weight 
oil-based contrast can be used without any evidence of 
serious or long-term side effects. A meta-analysis of 
studies using either oil- or water-based contrast con- 
firmed the phenomenon of a therapeutic effect when 
oil-based contrast was used [25]. Furthermore, a ran- 
domized trial of tubal flushing with oil-based contrast 
in patients with laparoscopically confirmed endomet- 
riosis demonstrated a significant increase in preg- 
nancy and live birth rates [26]. The mechanism for this 
improved fecundity rate is unclear. Another advantage 
of oil-based contrast is the potential to utilize a delayed 
film to document retained contrast in an occluded tube 
or to confirm normal intraperitoneal distribution and/ 
or spill when the initial study is equivocal. Advantages 
of water-based contrast include better delineation of 
mucosal patterns within the fallopian tube and no con- 
cern about intravasation. 
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Fig. 19.8. Normal hysterosalpingogram using an oil-based 
contrast (ethiodol). 


When HSG findings are abnormal or equivocal, 
laparoscopy is indicated for definitive assessment of 
fallopian tube status and for delineating the etiology of 
tubal occlusion. In some cases, a serum chlamydia titer 
is helpful in determining the likelihood of tubal pathol- 
ogy or intraperitoneal adhesions. In the case of hydro- 
salpinx, laparoscopy may also serve as a therapeutic 
measure. Patients who are prepared to enter into IVF 
treatment are encouraged to undergo salpingectomy 
because of the very low pregnancy rates after neo- 
salpingostomy, high rate of recurrent occlusion, risk 
of ectopic pregnancy, and, finally, decreased suc- 
cess rates after IVF when a hydrosalpinx is present 
[27,28]. Neosalpingostomy in experienced hands is 
associated with a cumulative pregnancy rate as high 
as 25% [29]. However, because of superior pregnancy 
rates achieved with IVF (up to 40% live births per initi- 
ated cycle [CDC]), surgical repair of distal tubal occlu- 
sion generally is reserved for patients with relatively 
mild tubal disease or those who are opposed to IVF 
because of philosophical, financial, or religious con- 
cerns. Several studies have confirmed lower pregnancy 
rates and higher rates of spontaneous abortion after 
IVF when hyprosalpinx is present [27,28]. Other stud- 
ies have shown that these differences are eliminated 
when salpingectomy or proximal tubal occlusion is 
performed [30]. 


Uterine factor 


Both congenital and acquired abnormalities of the uter- 
ine cavity may affect the likelihood of pregnancy and/ 
or pregnancy outcome. In-utero DES exposure, which 
may result in a classic T-shaped uterus, as well as abnor- 
malities of formation or fusion of the uterine horns and 
uterine septae constitute abnormalities that have impli- 
cations primarily in pregnancy outcome. Acquired 
defects include leiomyomata, endometrial polyps, and 
intrauterine synechiae. The size of the defect, location, 
and extent of distortion of the uterine cavity determine 
their likelihood to impair reproductive function. A 
careful assessment of the uterine cavity should there- 
fore be included in the female evaluation. 

There are three modalities commonly used to eval- 
uate the uterine cavity: HSG, saline infusion sonohys- 
terography (SIS), and hysteroscopy. HSG is usually the 
first-line test, as the assessment of the uterine cavity 
and fallopian tube status may be ascertained simul- 
taneously. When the tubal status is not in question 
(e.g., after prior tubal ligation or salpingectomy), SIS 
is a simple and cost-effective way to assess the uterus. 
Saline is infused into the uterine cavity during real- 
time ultrasound assessment through a small catheter 
that has been placed into the cervical canal or uterus. 
Distension of the cavity provides an outline of the 
uterine contour and highlights filling defects such as 
polyps. Hysteroscopy is a direct inspection of the uter- 
ine cavity, and may allow for simultaneous resection of 
intrauterine pathology. Flexible, 3 mm hysteroscopes 
allow for efficient and usually painless inspection of the 
uterine cavity in the office setting. In most cases, uter- 
ine pathology can be easily identified by any one or a 
combination of these procedures. In some cases, how- 
ever, MRI may be a useful adjunct, particularly when 
evaluating uterine anomalies that have a noncommu- 
nicating component, evaluating the size and location 
of larger myomas, and helping to distinguish between 
uterine fibroids and adenomyosis. Patients with con- 
genital abnormalities such as bicornuate or septate 
uteri should also have MRI, US, or CT/IVP to assess 
renal anatomy because of the high incidence of urinary 
tract anomalies in these patients [31]. 


Peritoneal factor 


A small subgroup of infertile women may be found 
to have normal HSG, pelvic exam, and ultrasound in 
spite of the presence of peritoneal factors such as tubal 
or ovarian adhesions or endometriosis. Therefore, 
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patients with unexplained infertility or failure to con- 
ceive with conventional infertility treatment may bene- 
fit from laparoscopy to determine the presence and 
extent of endometriosis or adhesions. Because of the 
increased utility of ART in these patients, and the 
relatively disappointing improvement in outcome 
after surgical treatment, laparoscopy is included less 
frequently in the routine evaluation of the infertile 
couple, with many couples choosing to go directly 
to ART. 


Assessment of ovarian reserve 


Ovarian reserve is defined as the capacity of the ova- 
ries to respond to gonadotropin stimulation. Women 
at birth are endowed with a finite number of follicles, 
the majority of which expire due to atresia. There is 
a progressive decline in the number of follicles with 
age, with an apparently accelerated rate of disappear- 
ance after the age of 37 [32,33]. Whereas the correla- 
tion between egg quality and chronological age is 
very strong, there is significant variability in ovarian 
reserve among women at any given age. 

As women age, shortening of the follicular phase 
length (time to ovulation) is observed, constituting 
a clinical sign of decreasing ovarian reserve [23,34]. 
However, even when these clinical signs are present, 
studies in normal women indicate normal and often 
supraphysiologic ovarian secretion of both estradiol 
and progesterone until significant menstrual irregu- 
larity associated with the perimenopause occurs 
[35]. For this reason, many patients and practitioners 
may be falsely reassured by the continued presence 
of normal menstrual cycles and peripheral ster- 
oid concentrations. Therefore, a formal assessment 
of ovarian reserve is indicated to detect a woman’s 
“relative reproductive age” as well as her potential to 
benefit from therapies involving controlled ovarian 
hyperstimulation. 

Indirect measures of ovarian reserve include 
early follicular phase FSH, estradiol, inhibin B, and 
anti-Miillerian hormone levels. Recently, the antral 
follicle count (the number of follicles between 2 
and 10 mm that can be measured on transvaginal 
ultrasound) has emerged as a predictor of stimula- 
tion quality in ART cycles [36,37]. The mainstay of 
ovarian reserve testing is determination of early fol- 
licular phase serum FSH and estradiol, traditionally 
on day 3 of the menstrual cycle. Because estradiol 
inhibits FSH secretion, it is essential to obtain both 
hormones in order to interpret the FSH result with 


accuracy. FSH levels below 10 IU/L are usually indic- 
ative of normal ovarian reserve, whereas levels of 
10-15 suggest compromised ovarian reserve. Levels 
above 15 IU/L usually indicate a severe diminution of 
ovarian reserve, with most patients in this range fail- 
ing to respond sufficiently to exogenous gonadotro- 
pins. Estradiol levels above 80 pg/mL are abnormal 
and provide an independent predictor of decreased 
ovarian reserve, probably due to early selection and 
maturation of a dominant follicle [23]. Variability 
cycle to cycle and between assay standards limits 
somewhat the predictive value of this test [38, 39]. 
Furthermore, many women with compromised ovar- 
ian reserve have normal day-3 FSH and estradiol lev- 
els. These patients may be detected by employing the 
clomiphene citrate challenge test, in which clomi- 
phene is administered days 5 through 9 with a second 
FSH determination on day 10 [40]. Elevation of the 
day-10, stimulated FSH also predicts poor response 
to gonadotropin stimulation. 

Newer measures of ovarian reserve include meas- 
urement of inhibin B [41] and anti-Miillerian hor- 
mone [42]. Both are secreted by the pool of small 
growing follicles and correlate very well with response 
to ovarian stimulation with gonadotropins. Although 
these hormones may prove to have higher specifi- 
city and sensitivity as markers of ovarian reserve, 
the assays are not as readily available and the normal 
ranges are less well established. In general, they add 
little to the clinical assessment of ovarian reserve. 
Ultrasound assessment of antral follicle count corre- 
lates with chronological age, is noninvasive, and may 
be assessed at any phase of the menstrual cycle. Antral 
follicle count determined in normal women at vari- 
ous ages demonstrates the same age-related decline 
as that seen in reports of nongrowing follicles, with 
an apparent increase in the rate of disappearance by 
age 40 [43] (Figs. 19.9, 19.10). Antral follicle count 
demonstrates minimal inter-cycle variability [44], 
and has been found to be superior to FSH testing in 
predicting IVF outcome [45,46]. 

Although ovarian reserve has traditionally been 
defined as the capacity of the ovaries to respond to 
gonadotropins, it is debated that abnormal ovarian 
reserve testing may also reflect a compromise in oocyte 
quality as well as oocyte quantity. El-Toukhy demon- 
strated that young patients with elevated FSH levels 
had poor ART outcome, arguing that youth and sup- 
posed good oocyte quality were not protective [47]. 
However, young patients with elevated FSH levels 
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Fig. 19.9. Depiction of the declining follicle 
numbers determined in normal ovarian pairs 
from birth to age 51. (From Faddy MJ etal. 
Accelerated disappearance of ovarian follicles 
in mid-life: implications for forecasting meno- 
pause. Hum Reprod 1992; 7: 1342-46, with 
permission.) 
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Fig. 19.10. The number of antral follicles 2-10 mm determined by 
transvaginal ultrasound according to age. (From Scheffer GJ etal. 
Antral follicle counts by transvaginal ultrasonography are related 

to age in women with proven natural fertility. Fertil Steril 1999; 72: 
845-51, with permission. Copyright © 1999 American Society for 
Reproductive Medicine.) 


had significantly higher implantation rates than older 
patients with normal FSH levels. FSH and antral folli- 
cle counts have more predictive value for quantitative 
outcome measures, such as gonadotropin requirement, 
number of oocytes, number of embryos, and cancella- 
tion rates, than for qualitative outcome such as implan- 
tation and pregnancy rates. A recent meta-analysis has 
suggested that the antral follicle count predicts ovarian 
response, but not pregnancy [48]. 

Ovarian reserve testing should be offered rou- 
tinely to women over 35, as well as to those with 
unexplained infertility or failure to respond to con- 
ventional infertility treatment, and to those con- 
templating ART therapy. Risk factors for premature 
loss of ovarian reserve include prior ovarian infec- 
tion, surgery, exposure to chemotherapy or radiation, 
family history of early menopause, family history of 
fragile X syndrome, and smoking. These patients, as 
well as those with clinical indicators of reduced ovar- 
ian reserve (recent onset of cycle irregularity or early 
ovulation), should have early assessment of ovarian 
reserve. Women with reduced ovarian reserve may 
have less benefit from ART; however, younger women 
may wish to be more aggressive and utilize ART sooner 
when decreased ovarian reserve is identified. 


Summary 
The guiding principle of evaluating infertility is to 
focus on the couple while practicing simultaneous 
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evaluations. For that reason, the goal of this chapter 
has been to provide the non-gynecologist with a better 
understanding of female reproductive physiology and 
the appropriate workup of the female. This knowledge 
should facilitate productive communication between 
the treating professionals and lead to a more logical, 
cost-effective, and timely evaluation and treatment 
plan. The profound impact of maternal age on fertil- 
ity potential must be an important consideration when 
treating the older couple. 
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Introduction 


Almost 50% of all causes of infertility can be attributed 
toa male factor. Hypofertile men are being investigated 
increasingly in an effort to find a treatable cause or to 
rule out more serious underlying conditions such as 
cancer. 

Common causes of male infertility include vari- 
cocele, obstruction due to epididymal blockage, vasal 
or seminal vesicle agenesis, and ejaculatory duct 
obstruction. Other conditions such as cryptorchidism, 
testicular tumors, testicular microlithiasis, pituitary 
adenoma, and renal disorders may be identified during 
the infertility workup. 

Imaging studies such as ultrasound scan (US), 
computed tomography (CT), magnetic resonance 
imaging (MRI), angiography, nuclear scans, and ther- 
mographsare used in the workup of infertile men. With 
the refinement and the introduction of newer imaging 
modalities, reliable adjuncts to clinical examination 
can be obtained to facilitate or to confirm a suspected 
cause in male infertility. In this chapter, various imag- 
ing modalities in the workup of male infertility will be 
summarized, with emphasis on indications and out- 
come interpretation. 


Imaging for commonly identified 
causes in male infertility 


The conditions outlined below are commonly identi- 
fied causes for oligospermia and azoospermia, and are 
the usual targets for imaging investigations. 


Varicocele 


Varicoceles are dilated testicular veins caused by reflux 
of blood. A “significant” varicocele is a clinical diag- 
nosis, and a clinically palpable varicocele is graded 1, 
2, or 3 according to severity [1]. Physical examination 
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sometimes can be limited, thus hindering varicocele 
detection. This is obvious in patients with a thick scro- 
tum, a history of previous surgery, or altered anatomy 
such as concomitant hydrocele. These limitations have 
been demonstrated in a multicenter study sponsored 
by the World Health Organization [2]. In this study 
of 141 men with subfertility, the sensitivity of cli- 
nical examination for the detection of a varicocele was 
approximately 50%, with a false-positive rate of 23%, 
when compared with venography. 

Various diagnostic studies have been used in an 
effort to maximize our ability to diagnose and/or to 
confirm a suspicious diagnosis of varicocele that is 
not clear by physical examination. These include 
color Doppler ultrasound (CDUS), which has now 
become the most reliable noninvasive test to detect 
nonpalpable reflux. Other modalities not in com- 
mon use nowadays due to their decreased sensitivity 
and/or specificity to diagnose varicocele are Doppler 
stethoscope, scrotal contact thermography, and 
radionuclide angiography. Spermatic venography 
is considered by many as the gold standard for vari- 
cocele diagnosis. This belief is based on the assumption 
that venography is not subject to technical variation 
and perturbation of technique. However, this is not 
necessarily the case. Pryor and Howards noted that the 
absence of technical standardization in venography 
could result in the appearance of reflux in any patient 
[3]. Moreover, the test is expensive, invasive, time-con- 
suming, and occasionally incomplete because it may 
not be possible to catheterize the right internal sper- 
matic vein in up to 5% of cases [4]. For interpretation, 
a normal venogram is one in which a single testicular 
vein is seen up to the inguinal ligament and into the 
spermatic cord; there may be a few divisions as part of 
the pampiniform plexus. If a varicocele is present, the 
internal spermatic vein will be enlarged and there will 
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Fig. 20.1. Ultrasound images of varicocele. (a) Sagittal image of the left scrotum, showing mildly dilated veins (V), largest 3 mm. (b) Sagittal 
image of a moderate varicocele, 4mm in maximal diameter (between cursors). (c) Transverse image of normal testis (R, right; L, left), anda 
large left varicocele deep to the left. (d) Sagittal image of the large left varicocele [same patient as in (C)], consisting of numerous tortuous 
and dilated veins. 


be reflux into the abdominal, inguinal, scrotal, or pel- 
vic portions of the spermatic vein. There will also be 
venous collateralization and anastomotic channels [5]. 
At present, spermatic venography is performed either 
in the assessment of difficult or uncertain cases or, 
more commonly, before definitive treatment by venous 
embolization (discussed later). 

As mentioned above, CDUS has become the most 
frequently used imaging modality for varicocele 
detection. Ultrasound studies of spermatic veins have 
suggested that the presence of multiple large veins 
(> 3mm) and reversal of blood flow with Valsalva 
maneuver indicate the presence of a varicocele [6-8]. 
Jarow et al found that men who underwent varicoce- 
lectomy with the largest vein measuring over 3 mm had 
significant improvement in sperm counts and motility 
compared with those with varicoceles less than 3 mm 
[9]. Preoperative ultrasound-measured reversal of flow 
during Valsalva (reflux) also predicted success of vari- 
cocelectomy (Fig. 20.1). 


Chiou et al. compared spermatic vein diameter 
with physical examination and found that this com- 
monly accepted ultrasound criterion for varicocele 
(maximal vein diameter > 3mm) had a sensitivity of 
53% and a specificity of 91% compared with physical 
examination [10]. However, studies comparing ultra- 
sound with spermatic venography obtained conflicting 
results in assessing the reliability of ultrasound in diag- 
nosing varicoceles. The sensitivity and specificity are 
high (92% and 100%, respectively) when venography is 
carried out selectively [11], and lower (70% and 55%) 
when contrast medium is injected into the left renal 
vein or the inferior vena cava [12]. 

CDUS has superseded grayscale imaging alone. It 
is more sensitive than clinical examination and can 
detect up to 93% of the reflux subsequently confirmed 
by spermatic venography [13]. However, the signifi- 
cance of nonpalpable “color reflux” has been ques- 
tioned. Meacham et al. studied 34 young volunteers 
with normal sperm counts and found that CDUS was 


Chapter 20: Ultrasound and radiologic imaging 


positive in half of those with no palpable varicoceles 
[14]. Furthermore, Cvitanic et al. reported reflux in 
64% of surgically treated patients (in whom vari- 
coceles were no longer palpable in 91%) and in 42% of 
volunteers with no palpable varicocele and with nor- 
mal sperm counts [15]. Both authors concluded that 
the significance of reflux on CDUS, in the absence of 
palpable varicocele (subclinical), remains to be deter- 
mined. Jarow in a meta-analysis found no benefit in 
treating subclinical varicoceles [16]. On the other hand, 
Pasqualotto et al. found that the repair of right-sided 
subclinical varicocele resulted in significant improve- 
ment in seminal parameters in patients with clinical 
left varicocele compared to those in patients with left- 
sided varicocelectomy only [17]. 

Some investigators postulate that in order to 
identify a significant nonpalpable varicocele, reflux 
detected by CDUS must be quantified; the CDUS 
does not accurately quantify reflux, because it is dif- 
ficult to calculate the duration of reflux or to assess 
its amplitude during straining [18]. To measure the 
duration of reflux accurately, pulsed-mode Doppler 
ultrasound is preferable [4]. Ultrasound-detected 
reflux can be classified into three categories. Brief 
reflux lasts less than a second and is physiologi- 
cal. Permanent reflux lasts more than two seconds 
and has a plateau aspect throughout the abdominal 
strain. This reflux type is nonpalpable in only 20% 
of cases and does not correlate with the diameter of 
the spermatic vein [4]. The third type, intermediate 
reflux, is not palpable, lasts 1-2 seconds, in most 
cases keeps decreasing during the Valsalva maneu- 
ver, and stops before the end of the maneuver. It has 
been suggested that, in the absence of palpable vari- 
cocele, only permanent reflux should be termed a 
subclinical varicocele, because the Doppler findings 
and change after treatment are identical to those of 
palpable varicoceles [4]. 

Finally, the detection of an isolated right-sided 
varicocele is rare and, if seen, warrants imaging of the 
abdomen and pelvis to rule out retroperitoneal mass. 

In summary, accurate diagnosis of varicocele is 
important because correct treatment may lead to 
resolution of symptoms and improvement in semen 
parameters in subfertile patients. At present a signifi- 
cant varicocele that warrants treatment is one that is 
clinically palpable, and until further evidence indi- 
cates otherwise, routine imaging to detect subclinical 
varicocele is not recommended unless the physical 
examination is inconclusive. 


Epididymal obstruction 

This condition may account for 7-14% of cases of 
azoospermia or severe oligospermia [19]. It can be 
congenital or acquired. Jarvi et al. reported that at least 
47% of otherwise healthy men with idiopathic epididy- 
mal obstruction had a cystic fibrosis transmembrane 
conductance regulator (CFTR) gene mutation [20]. 
The diagnosis is suspected in severely oligospermic or 
azoospermic patients with a normal testicular volume, 
normal FSH level, and normal ejaculate volume with 
alkaline pH. Epididymal enlargement can sometimes 
be clinically palpated [19]. 

Scrotal and transrectal ultrasound (TRUS) have 
been used to investigate epididymal obstruction. On 
scrotal ultrasound, the epididymis can have a hypo- 
echoic or hyperechoic appearance corresponding to 
the sequelae of epididymitis. The epididymal tube can 
be dilated, with or without spermatocele (Fig. 20.2). 
Dilation less commonly involves the efferent ducts or 
the rete testis. Therefore, imaging is of limited value 
when the epididymides are enlarged on palpation. 
Marked post-infectious sclerosis can mask this dila- 
tion [18]. Similarly, in nonazoospermic patients, only 
ultrasound with high-frequency probes (10-14 MHz) 
can detect partial epididymal obstruction that can be 
the cause of hypofertility [21]. On TRUS, the caudal 
junction of the vas deferens and seminal vesicles can be 
normal or show signs of chronic prostatitis [18]. 

In clinical practice, epididymal obstruction is a 
diagnosis of exclusion, and imaging studies are not 
generally indicated. However, in certain circum- 
stances ultrasound may aid in confirmation of a 
diagnosis. 


Congenital absence of the vas deferens 


Men with vasal or epididymal abnormalities, typically 
in combination with low-volume azoospermia, are at 
risk for cystic fibrosis (CF) gene mutations. If the vas 
deferens is not palpable, CF gene mutation testing is 
recommended. The most commonly encountered 
condition in this category is cystic fibrosis transmem- 
brane conductance regulator (CFTR) gene mutation. 
Between 50% and 82% of men with congenital bilateral 
absence of the vas deferens (CBAVD), and approxi- 
mately 43% of those with congenital unilateral absence 
(CUAVD), will have at least one detectable CFTR gene 
mutation [22,23]. Furthermore, 98% of men with CF 
present with CBAVD [24]. 

CUAVD should not adversely affect fertility except 
when there is contralateral testicular pathology such 
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as torsion, varicocele, or cryptorchidism. However, 
a partial contralateral Wolffian abnormality can be 
observed, with low-volume azoospermia. The vas can 
still be palpated in the scrotum but terminates either in 
the anterior wall of the pelvis or by crossing the mid- 
line to merge with the contralateral seminal vesicle if 
present [25,26]. 

In CBAVD the diagnosis is established clinically 
by the absence of the two vasa deferentia on palpa- 
tion. The semen volume is usually below 1 mL, with 
an acidic pH. Scrotal ultrasound may show dilation 
of the efferent ducts, with the head of the epididymis 
stopping abruptly at the junction of the body and 
tail. TRUS may show the absence of ampullae of vas 
deferens [27]. Seminal vesicle (SV) abnormalities 
are observed in 90% of cases (Fig. 20.3) [28]. They 
can be absent bilaterally in approximately 40% of 
cases, while in the remaining 60% one or both vesicles 


Fig. 20.2. Sagittal ultrasound scan of an epididymal head cyst (E), 
and cystic dilation of the rete testis (arrow). 


(a) 


(b) 


are visible with variable ultrasonographic abnormali- 
ties (hypoplasia, vesicular cyst, calcifications, and 
hyperechoic appearance) (Figs. 20.4, 20.5). In 10% 
of cases the seminal vesicles are normal. MRI is help- 
ful in tracing the vas in the pelvic region (Fig. 20.6). 
Another constant finding in patients with CBAVD 
is a diffuse hyposignal activity of the entire prostatic 
peripheral zone seen only by MRI, the cause of which 
is still unknown [27]. 

Incomplete forms, with preservation of the body 
and tail of the epididymis or one seminal vesicle and 
its corresponding ejaculatory duct, can be seen [27]. 
These incomplete forms explain how the volume of 
semen can be only moderately reduced (1.5-2 mL), the 
pH can be alkaline, and even one vas deferens can be 
palpated in rare cases of CBAVD [18]. 

Renal ultrasound is routinely performed in the 
workup of congenital vasal agenesis. Schlegel et al. 
observed that renal agenesis is evident in about 11% 
of men with bilateral and 26% of infertile men with 
unilateral congenital absence of the vas deferens [23]. 
Ipsilateral renal ectopia, crossed-fused renal ecto- 
pia, and horseshoe kidneys have also been observed. 
When the renal anomalies coexist with congenital vasal 
agenesis, genetic mutation is rarely found [29]. 


Ejaculatory duct obstruction (EDO) 

Patients with ductal obstruction have azoospermia 
when obstruction is complete, or severe oligospermia 
if the obstruction is partial. Clinically, bilateral vasa 
deferentia are palpable in the scrotum, and, similar to 
CBAVD, are associated with small ejaculate volume 
with acidic pH, and little or no seminal fructose. The 
cause can be congenital or acquired [30]. The most 


Fig. 20.3. (a) Transverse TRUS image just cranial to the prostate (P) of a markedly atrophic right seminal vesicle and absent vas deferens in a 
patient with CBAVD. (b) TRUS image of a normal right seminal vesicle (SV) and vas deferens joining its medial aspect. 
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Fig. 20.4. (a) Transverse midline TRUS image of normal seminal vesicles (RSV, right; LSV, left) and vas deference (arrows). (b) TRUS image of a 
dilated left seminal vesicle (L) and absence of the right (dotted line outlining its expected position). No vas was seen on either side. 


Fig. 205. Transverse TRUS image of a solitary and atrophic left 
seminal vesicle (asterisk), and a single blind-ended vas entering 
aberrantly into its lateral aspect (VD and arrow). 


frequent congenital cause is compression by median 
cysts, followed by mega seminal vesicles in patients 
with adult polycystic kidney disease. Acquired causes 
include distal inflammatory stenoses of the ejaculatory 
ducts (Fig. 20.7). 

Previously, vasography was commonly used to 
demonstrate seminal tract obstruction and to define 
the level of a block within or outside the vas, but the 
procedure is an invasive technique, is technically diff- 
cult, and in itself may result in damage to the vas defer- 
ens. The role of imaging is to identify and occasionally 
treat the cause of the obstruction [18]. 


Median cysts 

These cysts are classified into two categories: those 
that contain semen and those that do not [31]. 
These types sometimes can be difficult to distinguish 


Fig. 20.6. Transverse MR image of bilaterally atrophic seminal 
vesicles (arrowheads) and absent vas (B, bladder). 


from each other. The cysts containing semen are 
of Wolffian origin, and those that do not are of 
Miillerian or utricular origin and are the most fre- 
quent. While both can originate in the verumonta- 
num or slightly proximal to it, Müllerian cysts often 
extend above the base of the prostate. Cysts of the 
utricle generally measure no more than 15mm 
on the long axis. They are strictly median, while 
extraprostatic Miillerian cysts can be more lat- 
erally located in their extraprostatic portion. Cysts 
containing semen originate in the ejaculatory ducts 
and have the same sonographic appearance as non- 
Wolffian cysts. They are congenital but can be sec- 
ondary to distal stenosis of the ducts [32]. A Wolffian 
cyst may not contain semen if there is also an epi- 
didymal obstruction occurring secondarily when the 
distal stenosis has been long-standing [33]. 
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Fig. 20.7. (a) Transverse TRUS image of the prostate shows a peripherally calcified ejaculatory duct cyst, with internal low-level echogenic 
debris (arrow). (b) Sagittal TRUS image of the same cyst (arrow) showing the typical teardrop shape, pointing towards the urethra (B, bladder). 


Fig. 20.8. (a) Transverse TRUS of symmetrically distended seminal vesicles (between arrowheads). (b) Transverse TRUS, more inferiorly 
through the prostate, of a 1.2 cm midline cyst (arrows). 


Median cysts are obstructive when they compress 
the ejaculatory ducts (Fig. 20.8). This is often difficult 
to show by imaging, because dilation of the vesicles or 
vas ampullae is not the rule. Diagnosis of a compres- 
sive cyst is therefore based on clinical findings, i.e., 
azoospermia or severe oligospermia with reduced 
ejaculate volume. In selected cases, when TRUS fails 
to detect distension proximal to the cyst, dilation can 
be confirmed by MRI. 


Distal inflammatory stenosis of the ejaculatory ducts 

The diagnosis is suggested by TRUS if there is 
marked dilation proximal to the obstruction. Stones 
can be present in one or both ejaculatory ducts (Fig. 
20.9). A more proximal obstruction is likely to be 
associated with the distal obstruction if scrotal sono- 
graphy or palpation shows dilated epididymides; this 


can be confirmed by vasogram, as shown by Pryor 
and Hendry, who reported multifocal stenoses on the 
vas deferens in 20% of patients with ejaculatory duct 
obstruction [30]. An alternative, developed by Jarow 
[34], is to puncture the seminal vesicles under TRUS 
guidance and check for the presence of motile sperm, 
which indicates absence of a more proximal obstruc- 
tion. Absence of motile sperm would indicate that 
azoospermia is not due to the distal obstruction alone. 
It has been also shown that transrectal vesiculography 
and retrograde opacification could be performed to 
assess the normal patency of the vas deferens [35,36], 
but this can only be done immediately prior to endo- 
scopic resection. Endorectal MRI can be used to assess 
the length of stenosis. 

Selection of patients with an isolated EDO, without 
combined proximal obstruction, probably improves 
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Fig. 20.9. (a) Midline transverse TRUS of cystic dilation of both seminal vesicles (R, right; L, left). Note the debris-fluid level in the left SV, layer- 
ing laterally due to the patient's left lateral decubitus position (along line between arrowheads). (b) Transverse TRUS of prostate in the same 
patient with a tiny echogenic right ejaculatory duct calcification (arrow), demonstrating acoustic shadowing deep to it. 


(b) 


Fig. 20.10 (a) TRUS midline image of markedly cystic seminal vesicles (R, right; L, left). (0) Sagittal US of one of this patient’s kidneys shows 
innumerable anechoic cysts, the largest labeled (C), and allows for a diagnosis of bilateral polycystic kidney disease. 


results of transurethral resection of the ejaculatory 
duct (TURED), which restores a normal sperm count 
in only 20-60% of azoospermic patients [37,38]. 


Mega seminal vesicles and functional causes of 
ejaculatory duct obstruction 

The obstruction in this rare condition is due to a disorder 
of seminal vesicle contractions. The atonic seminal vesi- 
cles can be seen in men with diabetic neuropathy. Patients 
with polycystic kidney disease can have mega vesicles 
(Fig. 20.10). Diagnosis is established by vasography 
showing mega vesicles with no visible obstruction. 


Partial ejaculatory duct obstruction 
This condition can be difficult to diagnose. Clinically, 
patients present with oligospermia. Although there is 


no definite preoperative diagnosis test to prove par- 
tial EDO, the combination of a volume of ejaculate 
less than 1.5 mL and seminal vesicle enlargement 
(anterior-posterior diameter > 15mm), along with 
roundish anechoic areas of seminal vesicles, has been 
suggested to be a reliable sign of partial EDO [39]. 
Endorectal MRI can be helpful in selected cases, as 
it can detect moderate dilation of the seminal vesi- 
cles when TRUS fails to find distension [27], but this 
sign has not been validated. TRUS-guided puncture 
of the seminal vesicles to confirm sperm retention 
has been used in these patients, but validity of the 
test has not been verified. Endoscopic treatment by 
TURED remains the only confirmatory test, and it 
can be therapeutic. Improvement of ejaculate volume 
and percentage of sperm count and motility can be 
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Fig. 20.11. Split-screen US image of both testicles, taken with identical magnification. The right (R) is normal in size and location; the left (L) 


is undescended, in the inguinal canal, small and heterogeneous. 


Fig. 20.12. Coronal MR image of an undescended right testicle, 
just above the inguinal canal (white arrow). Note the absence of 
normal cord structures in the right hemiscrotum (black arrow). 


seen in approximately 60% of cases [38,40]. However, 
a complete EDO can occur in 4% of cases following 
ED resection [40]. 


Cryptorchidism 
History of cryptorchidism (undescended testis or 
UDT) is a definite cause of hypofertility. This condition 


(UDT) is also associated with a 14-times increased risk 
of subsequently developing a testis tumor; 7-10% of 
patients with a testicular tumor have a history of unde- 
scended testis. Patients with bilateral undescended 
testis and unilateral testicular carcinoma have an 
increased risk of testicular tumor in the remaining tes- 
tis [41]. Early detection of testicular tumor is the goal 
of scrotal ultrasound in these patients. 

Ultrasound is particularly useful in localizing 
the inguinal undescended testis (Fig. 20.11), but is 
more limited in detecting intra-abdominal testis 
[42]. Intra-abdominal testis is frequently atrophic and 
obscured by overlying structures during ultrasound. 
Among other imaging modalities, MRI is considered 
advantageous for detecting intra-abdominal testis 
[43], and it avoids the ionizing radiation associated 
with CT scans (Figs. 20.12, 20.13, 20.14). 


Other conditions 


These conditions can be seen during imaging workups 
of infertile males or during workups of other condi- 
tions not related directly to infertility. 


Scrotal masses 


Ithasbeensuggested thatinfertility, testiscancer, undes- 
cended testis, and hypospadias are part of the testicular 
dysgenesis syndrome that result from disturbed prena- 
tal testicular development [44]. In one series testicu- 
lar tumor was detected in 7.5% of azoospermic males 
[45], and others found a 20-fold greater incidence of 
testicular cancer in infertile men with abnormal semen 
analysis than in the general population [46]. 
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Fig. 20.14. Axial MR image of an enlarged, undescended left 
pelvic testicle replaced by a tumor mass (M). 


The initial determination of a scrotal mass as intra- 
testicular or extratesticular is important. Malignant 
extratesticular masses are rare, whereas intrates- 
ticular solid masses must be considered malignant 
until proved otherwise [43]. Ultrasound is extremely 
sensitive in detecting scrotal masses. The most com- 
mon extratesticular scrotal masses include inguinal 
hernias, hydrocele, epididymal masses, and varicoce- 
les. Hydrocele is a fluid collection between the testis 
and the tunica vaginalis, and generally not related 
to male subfertility (Fig. 20.15). Cystic masses of the 
epididymis include the simple epididymal cyst and 
the often larger, multilocular spermatocele. Most epi- 
didymal cysts involve the head of the epididymis, but 


Fig. 20.15. 
Transverse scrotal 
US of anormal 
testicle (T) anda 
large, anechoic 
hydrocele (H). 


they can also involve the epididymal tail or body [43]. 
Spermatoceles contain spermatozoa, whereas epididy- 
mal cysts contain clear fluid (Fig. 20.16). Ultrasound 
cannot dependably differentiate between these two 
entities [47]. Epididymal solid masses are usually ade- 
nomatoid - a benign tumor that is considered the most 
common paratesticular tumor [48]. These tumors are 
believed to arise from the mesothelium [49]. Surgical 
intervention for epididymal masses is not recom- 
mended unless they are growing, symptomatic, or 
causing infertility, which is seen rarely when the mass 
causes tubular obstruction [50]. If palpated, scrotal 
ultrasound is indicated to rule out an associated tes- 
ticular mass. 

Malignant germ cell tumors constitute 90-95% 
of intratesticular primary tumors. Their appearance 
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Fig. 20.16. (a) Sagittal scrotal US of a normal epididymal head (E) and normal upper testicle (T). (b) US image of a large supratesticular cyst 


representing a spermatocele (Sp), and dilated rete testis (arrow). 


(b) 


Fig. 20.17. (a) Scrotal US of a small testicular malignancy, contained within the testicular capsule (arrows). (b) A larger testicular tumor 
replacing the inferior two-thirds (arrows depicting its upper margin), with extracapsular spread inferiorly. 


on ultrasound is variable, usually as a hypoechoic 
hypervascular lesion (Fig. 20.17). 

Seminoma is the most common cancer of the testis 
in adults and the most common tumor associated with 
cryptorchidism [51]. On ultrasound they may appear 
as hypoechoic round masses with areas of necrosis. 
Embryonal cell carcinoma is also hypoechoic but it is 
more non-homogeneous, less defined on ultrasono- 
graphy because of cyst formation and hemorrhage, 
and may contain areas of calcification. On ultrasono- 
graphy, teratomas appear as hypoechoic masses and 
commonly have foci of increased echogenicity due to 
calcifications. Cystic components are also common. 
Choriocarcinomas are rare small tumors that usually are 
associated with calcifications and bleeding, which gives 
them a heterogeneous appearance on ultrasonography. 

Lymphoma is one of the most frequently seen tes- 
ticular tumors in older men. It is the most frequent 


bilateral testicular neoplasm, accounting for up to 7% 
of testicular neoplasms. The second most frequent tes- 
ticular metastatic cancer is leukemia. The ultrasono- 
graphic appearance of lymphoma and leukemia is 
generally that of a hypoechoic mass with or without 
testicular enlargement, and the testicular contour 
is generally preserved [52]. Leydig and Sertoli cell 
tumors are gonadal stromal tumors. They are hypo- 
echoic on ultrasonography and typically benign 
(Fig. 20.18). They commonly have cystic areas and 
cannot be differentiated from malignant lesions on 
ultrasonography [53]. 

Intratesticular cysts include cysts of the tunica 
albuginea, tubular ectasia of the rete testis, and 
testicular cysts. They have the typical appearance 
of other cysts: well-defined anechoic structures 
with increased through-transmission. Evaluation 
of the wall for solid components to exclude a cystic 
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Fig. 20.19. Transverse US of a benign testicular cyst (C). Note its 
thin, smooth wall, and anechoic contents (T, testicle). 


neoplasm must be performed carefully (Fig. 20.19). 
Tubular ectasia of the rete testis is a benign entity that 
is important to identify on ultrasonography, because 
it can be confused with a tumor, leading to unnec- 
essary intervention. Ultrasonographic findings are 
those of hypoechoic branching cystic configurations 
in the mediastinum testis (Fig. 20.20). These findings 
may be associated with a spermatocele visualized in 
the same testes. Tubular ectasia tends to occur in an 
older group than does malignancy and is frequently 
bilateral. The etiology is thought to involve infection 
or trauma [43]. 

Diagnostic ultrasound and MRI are highly 
sensitive for detecting intratesticular masses, but 


Fig. 20.18. Sagittal US of asmall testicle 
containing a 5mm pathologically proven 
Leydig cell tumor (arrow). 


their specificity is low [54]. Consequently, imaging 
modalities are unable to differentiate benign from 
malignant lesions using appearance or size cri- 
teria, and exploratory surgery is still the only way to 
exclude malignancy bya histopathological analysis. 
Muller et al. reviewed the histology of 20 incidental 
intratesticular masses of = 5mm in diameter and 
found them benign in 80% of cases [55], although 
some nodules as small as 3mm were found to be 
malignant. 

Whether men with infertility should have screen- 
ing ultrasound for small testicular masses is contro- 
versial. Since testicular cancer is a curable disease if 
detected early, some believe in the advantage of rou- 
tine use of scrotal ultrasound in the workup of infertile 
men [56,57]. For others this is not the standard of care 
as there is no evidence that detection of nonpalpable 
small tumors provides better cancer control or progno- 
sis than early detection of palpable lesions. 


Testicular microlithiasis (TM) 
TM is characterized by the presence of numerous 
punctate calcifications within the testis. The calci- 
fications arise from degeneration of the cells lining 
the seminiferous tubules [42]. This condition can be 
observed in 1/2100 cases in autopsy series [58], and in 
1/125-1/168 of testicular biopsies [58,59]. Up to 23% 
of patients with TM consult for hypofertility. TM is 10 
times more common in patients with history of unde- 
scended testis. 

Scrotal ultrasound is diagnostic. Typically, there 
are small echogenic foci (1-2 mm large), uniformly 
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Fig. 20.21. Sagittal scrotal US of multiple tiny echogenic testicular 
foci (arrowheads point out a few) representing microlithiasis. 


distributed in the testis, and bilaterally, in most 
cases [60]. Most of them show no acoustic shadow- 
ing, likely due to their tiny size (Fig. 20.21). In 29% 
of cases, microliths can be predominantly clustered 
peripherally in the testis. According to the number of 
microliths per testis (5-10, 10-20, >20), TM has been 
classified as grade 1, 2, and 3, respectively. 

The frequency of germ cell tumors in patients with 
TM has been estimated in several series between 21% 
and 45% [60-63]. However, detection bias was sus- 
pected as many of these patients had presented with 
a scrotal mass, which artificially increases the rate of 
TM-associated malignancy. Recently, Rashid et al. 
reviewed all published data and found no higher risk 


Fig. 20.20. Transverse midline scrotal 
US of bilaterally dilated rete testis (arrows), 
not to be confused with neoplasia. 


Fig. 20.22. Coronal MRI of the sella turcica shows a large pituitary 
adenoma (curved arrow). 


of developing testis cancer in patients with TM [64]. A 
direct relationship between TM and subsequent devel- 
opment ofa testicular tumor during follow-up has been 
reported in only two cases [65,66]. Tumor risk is thus 
not yet entirely known, and it has been suggested that 
limited microlithiasis with fewer than five microliths 
is probably not a factor predisposing to malignancy, 
making follow-up unnecessary in these patients [67]. 
Similarly, there is no definite proof that TM by itself 
can cause hypofertility. 
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Fig. 20.23. (a) Transverse TRUS image of a dilated left seminal vesicle 2 cm thick (between arrows) (B, bladder). The other seminal vesicle 
(not shown) had a similar appearance. (b) Sagittal TRUS image of the prostate shows the obstructing midline cyst (between arrows) (B, blad- 
der; urethral course is along a line between asterisks). (c) Sagittal midline TRUS image immediately following transurethral resection of the 
ejaculatory dust cyst (C, cyst; arrows outline fluid-filled prostatic urethra communicating with the unroofed cyst; curved arrow shows the 
echogenic tip of the cystoscope just inferior to the cyst). 


Pituitary adenoma 

Itis estimated that 10% ofall intracranial tumorsare pitu- 
itary adenomas but are too small or endocrinologically 
inactive to be detected clinically. Prolactin-producing 
adenomas, a cause for male and female infertility, 
account for 70% of all pituitary adenomas [68]. Imaging 
technology, in particular cranial MRI, enables accu- 
rate diagnosis and localization (Fig. 20.22). 


Renal disorders 

Unilateral renal agenesis can be suspected in cases 
of CBAVD or CUAVD. Similarly, polycystic kidneys 
can be associated with epididymal (18%) and seminal 
vesicle cysts (39%) [69]. Renal ultrasound should be 
performed routinely at the time of TRUS when such 
cystic findings are identified. 


Use of imaging for treatment 
guidance 


Imaging techniques can be used to treat or to guide 
therapy in some cases of male infertility. 


Image-guided treatment of obstructive 
conditions 


In obstructive azoospermia, TRUS can be used to guide 
median cyst puncture and seminal vesicle aspiration in 
cases of suspected ejaculatory duct obstruction (EDO) 
(Fig. 20.23). TRUS-guided echo-enhanced semi- 
nal vesiculography in combination with TURED is 
considered the best imaging method when treating 
EDO [70]. With this technique the ejaculatory ducts 
and level of obstruction can be located successfully, 
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and the operator is able to direct the incisional line 
with real-time TRUS and hence maximize accuracy 
and minimize possible complications. Direct vesicu- 
lography and image-guided balloon placement and 
ejaculatory duct dilation have also been described. 
Such balloon dilation is particularly suited to those 
with partial obstruction or extraprostatic obstruction 
[71,72]. TRUS or endorectal MRI can be used to assess 
the distance between the posterior wall of the prostatic 
urethra and the wall of the ducts before undertaking 
TURED. 


Percutaneous angioembolization of 


varicocele 


Angiographically guided embolization of the testicular 
veins frequently is used to treat varicoceles. The pro- 
cedure typically is performed with the patient under 
local anesthesia with or without conscious sedation. 
Venous access is obtained by puncturing the right 
common femoral vein under ultrasound guidance; the 
jugular vein offers an alternative route of access. With a 
coaxial system, a5 F sheath is placed into the common 


Fig. 20.24. Antero-posterior radiograph obtained during left tes- 
ticular venogram. Multiple dilated and refluxing veins, at the level 
of the scrotum (black arrows) and at the lower pelvic-inguinal level 
(white arrows) (B, contrast-filled bladder). 


femoral vein. A 5 F catheter and hydrophilic guide- 
wires are then advanced into the inferior vena cava 
(IVC) and the renal vein on the left or, occasionally, 
directly into the testicular vein on the right as it enters 
the IVC. Access to the right renal vein may be difficult 
in some cases, necessitating the use of an angled cath- 
eter or eventually access via the internal jugular vein. 
Occasionally the basilic vein may be used as an access 
point [5]. The catheter is advanced into the testicular 
vein over the guide-wire. Contrast medium is then 
injected and images obtained. Limited images should 
be obtained over the testes due to their sensitivity to 
ionizing radiation (Fig. 20.24). Subsequent occlusion 
is accomplished with sclerosing agents or via embol- 
ization using coils (Fig. 20.25) or detachable balloons 
[4]. Coils are usually deployed starting distally at the 


Fig. 20.25. Antero-posterior radiograph obtained during left 
testicular angio-embolization for varicocele. Multiple embolization 
coils have been deployed within the venous lumen (solid arrows), 
via a transjugular angiographic catheter (open arrow). 
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level of the inguinal ligament and progressing proxim- 
ally [73]. Coil migration is rare and usually is related 
to coil release too near to the renal vein [4]. Sclerosing 
agents such as sodium tetradecyl sulfate, hypertonic 
glucose solution, or biological glue may also be used 
for embolization. If used, it is imperative that reflux 
into the pampiniform plexus be prevented by external 
pressure at the inguinal crease before the sclerosant 
is injected. Thrombosis of the pampiniform plexus 
by the sclerosing agent is possible, and although it 
occurs in less than 5% of patients it is troublesome and 
requires treatment with anti-inflammatory agents and 
antibiotics [74]. 


Image-guided sperm retrieval 


Scrotal ultrasound can also be helpful to guide testicu- 
lar sperm aspiration in azoospermic patients. Belenky 
et al. evaluated 39 azoospermic men who underwent 
testicular sperm aspiration, 16 under sonographic 
guidance and 23 with no imaging guidance [75]. The 
ultrasound group had fewer complications and more 
successful retrievals, although no difference was found 
between the two groups in pregnancy rate. Similarly, 
the testicular vascularity index distribution obtained 
by scrotal power Doppler ultrasound can be used to 
predict sites with the greatest potential for spermato- 
genesis for sperm retrieval during microscopic testicu- 
lar sperm extraction (micro-TESE). This technique is 
based on the hypothesis that spermatogenesis is more 
likely to occur in regions that are well perfused with 
oxygenated blood [76]. 


Infertility with no established 
indications for imaging 

Some conditions associated with male infertility may 
not benefit from investigative imaging . These include 
idiopathic infertility, hypogonadotropic hypo- 
gonadism, diagnosed testicular failure, genetic causes 
of male infertility, or immunological causes, unless 
an underlying scrotal or upper urinary tract infec- 
tion, urinary tract anomaly, stones, or tumors are 
suspected. 
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Introduction 


Microsurgical reconstruction of the male genital tract 
has dramatically improved over the past 100 years, 
and today it is one of the most successful and gratify- 
ing therapies for the management of male infertility. 
Over 7% of patients with primary infertility will have 
ductal obstruction, which is potentially correctible 
with surgical reconstruction. The safety and efficacy of 
vasectomy as a means of birth control has been a dou- 
ble-edged sword. As many as 5% of men will eventually 
request a restoration of fertility because of changing 
life circumstances such as remarriage, change in goals, 
or death of a child. 

Recognition of ductal obstruction has long fueled 
an interest in innovative approaches to restore genital 
tract patency. Martin etal., in 1903, firstreported a tech- 
nique to treat epididymal obstruction by anastomosing 
the vas to the epididymis in a side-to-side fashion with 
fine silver wire in a patient with a history of gonococ- 
cal epididymitis [1]. More than 30 years later, Hagner 
described his surgical outcomes using Martin’s tech- 
nique and reported patency in over 60% of patients [2]. 
This fistula technique remained the standard for nearly 
75 years, until advances in technique and instrumen- 
tation made direct, single-tubule anastomosis feas- 
ible. In a similar fashion, Quinby performed the first 
reportedly successful vasectomy reversal in 1919 using 
a strand of silkworm gut as a stent. 

These pioneers and many others provided the rich 
soil from which the innovations of today have grown. 
There has been a reassuring pattern of incremental 
improvements in surgical decision making and tech- 
nique followed by careful critical analysis of results to 
support these refinements. 

This chapter focuses on the salient features of ductal 
obstruction of the male genital tract to allow the iden- 
tification of the appropriate candidates for microsur- 
gical treatment. Surgical preparation and techniques 
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are described in detail, along with a critical review 
of outcomes. Finally, the chapter examines the role 
of microsurgical reconstruction in the era of assisted 
reproductive technology. 


Anatomy, physiology, and pathology 
of the excurrent ductal system 


To secure an understanding of the surgical procedures 
utilized to restore patency of the excurrent ducts, it is 
critical to understand the anatomy and physiology of 
the male reproductive system. Spermatozoa are pro- 
duced within the seminiferous tubules and released 
into the lumen. The terminal ends of these tubules 
drain into the rete testis, an area within the posterior 
mediastinum of the testis where a network of anas- 
tomosing ducts consolidates into the efferent ducts. 
These 6-8 efferent ducts derive from the degenera- 
tion of the mesonephric duct and become the caput, 
or head, of the epididymis. This marks the beginning 
of the epididymal tubule, a highly convoluted thin- 
walled structure measuring approximately 3 m in 
length, tightly coiled to a 4-5 cm long structure that 
is positioned posterior and lateral on each testis. The 
epididymis is divided into the head or caput, the mid- 
body or corpus, and the tail or cauda. At the termina- 
tion of the cauda epididymidis, the tubule is invested 
with a thick muscular wall marking the beginning 
of the vas deferens. During ejaculation, the sympa- 
thetic nervous system mediates contractions of the 
muscular wall of the vas, propelling sperm toward 
the ampulla of the vas. The vas deferens traverses the 
inguinal canal and enters the retroperitoneum, where 
it crosses in front of the ureter and behind the medial 
umbilical ligament. Within the retrovesical space it 
becomes more dilated to form the ampulla of the vas. 
The terminal narrow segment, the ejaculatory duct, 
enters the prostate and ends in the prostatic urethra 
in the verumontanum. 
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The epididymis provides four vital functions: sperm 
maturation, transport, concentration, and storage. It is 
in the area of sperm maturation that the epididymis 
has the largest potential implication for microsurgical 
outcomes. While the exact mechanism of epididymal- 
derived maturation remains unknown, it is well rec- 
ognized that transit through the proximal portion of 
the epididymis is critical to sperm function (i.e., fer- 
tilization potential). Animal studies have shown that 
the increase in progressive sperm motility and fertiliz- 
ing capability is dramatically greater in sperm taken 
from the cauda than from the caput epididymidis [3,4]. 
Similar work in humans has shown that the chances 
for fertility after vasoepididymostomy increase with 
the length of the epididymis that the sperm were 
able to transit [5,6]. The cauda epididymidis does not 
appear to have a significant role in sperm development 
but does function as an area of sperm storage before 
ejaculation. 

Obstruction may occur anywhere along the course 
of the excurrent ducts. The etiologies of obstruction are 
often divided by their causative nature into congenital, 
inflammatory, traumatic, iatrogenic, and idiopathic. 

In the setting of congenital obstruction, there often 
may be hypoplasia of the seminal vesicles or absence 
of the vas deferens and a major portion of the distal 
epididymis. This condition, called vasal agenesis, can 
be unilateral or bilateral. Approximately two-thirds 
of men with bilateral vasal agenesis will be found to 
have at least one genetic mutation that is observed in 
the cystic fibrosis population (CFTR or cystic fibrosis 
transmembrane regulator gene). Most of these patients 
have no phenotypic manifestations of cystic fibrosis. 
Because of the associated absence of the seminal vesi- 
cles in conjunction with bilateral vasal agenesis, they 
will have low-ejaculate-volume azoospermia with 
semen that does not coagulate, as well as low or absent 
fructose in the seminal plasma. Most of these patients 
are candidates for surgical or percutaneous sperm har- 
vesting and intracytoplasmic sperm injection. 

In contrast, obstruction of the excretory ducts 
secondary to infection may be surgically correct- 
able. Tuberculous epididymitis is rare and can result 
in epididymal occlusion and azoospermia. Prompt 
antituberculin therapy potentially can maintain a 
man's fertility and obviate the need for microsurgical 
repair. Gonorrheal epididymitis was a frequent cause 
of obstructive epididymitis in the past, although this 
has become relatively rare in the antibiotic era. Today, 
it is more common to have epididymal scarring as a 


result of bacterial epididymitis from organisms such as 
Chlamydia. 

Trauma to the epididymisisa relatively uncommon 
cause of an epididymal obstruction, but it may occur 
as a result of blunt or penetrating injury. Iatrogenic 
injuries are more common, occurring after procedures 
such as spermatocelectomy, hydrocelectomy, or even 
testis biopsy [7]. 

Elective vasectomy is the leading cause of obstruct- 
ive azoospermia and subsequent infertility. While 
usually a single, focal obstructive site, the develop- 
ment of high intraluminal pressures after a vasectomy 
can result in rupture of the delicate epididymal tubule, 
with secondary obstruction in the epididymis. This 
phenomenon is more frequent in patients who under- 
went their vasectomy more than 10 years earlier, and 
in those who have had a prior unsuccessful vasectomy 
reversal procedure [8]. Ina similar fashion, long-term 
obstruction associated with iatrogenic vasal injuries 
from prior surgery such as pediatric inguinal herni- 
orrhaphies can also result in secondary epididymal 
obstructions. 

Men with obstruction of the excretory ducts 
proximal to the ejaculatory ducts will have normal- 
volume azoospermia and normal testicular size. 
Leydig cell function, serum follicle-stimulating hor- 
mone (FSH), and luteinizing hormone (LH) levels usu- 
ally will be normal. Despite these findings, restoration 
of genital tract patency does not always restore fertil- 
ity. Growing evidence supports the belief that adverse 
testicular histology develops after vasectomy in most 
species studied. Guinea pigs can show extensive 
alterations, attributed to autoimmune orchitis [9,10]. 
Rabbits manifest severe testicular alterations with 
immune complex deposition around the seminiferous 
tubules [11], and long-term vasectomized monkeys 
show orchitis, germ cell aplasia, and immune deposits 
[12-14]. Some strains of rats have bilateral reduction 
of seminiferous tubular diameter even after a unilateral 
vasectomy [15]. The p53-Bax-dependent apoptosis of 
germ cells has been implicated as a possible mecha- 
nism for disrupted spermatogenesis after vasectomy 
in the rat [16]. A variety of histologic findings in the 
testes of vasectomized men have been reported to 
include degeneration of spermatids [17], thickened 
basement membranes [18,19] and increased phagocy- 
tosis by Sertoli cells [20]. Quantitative morphometric 
analysis of testicular histology in men after vasectomy 
has revealed dilation of the seminiferous tubules, inter- 
stitial fibrosis, and reductions in the seminiferous cell 
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population [21]. A more recent study confirmed these 
findings, and demonstrated that the severity of the 
interstitial fibrosis inversely correlated with vasovasos- 
tomy outcomes [22]. Regardless of the mechanism, it 
is becoming clear that vasectomy induces permanent 
changes in the testes that may inhibit the restoration 
of fertility in some patients. 


Reconstructive procedures 
Preoperative assessment 


Prior to considering a surgical procedure, all patients 
should have a complete medical history and physical 
examination. The history should include an assessment 
of any prior conceptions with current or prior partners. 
Prior history of childhood inguinal or scrotal surgery 
can provide important information regarding pos- 
sible site and cause of genital tract obstruction. A his- 
tory of epididymitis or sexually transmitted infection 
can suggest an occult epididymal obstruction. Physical 
examination should include a careful assessment of the 
scrotal contents with documentation of testicular size 
and consistency. The vas deferens should be easily pal- 
pable and assessed for thickness and induration. The 
epididymides should be palpated for induration. In the 
patient who has not previously had a vasectomy, at least 
two semen analyses should be obtained to document 
normal-volume azoospermia. In addition, serum FSH 
and testosterone levels should be evaluated to docu- 
ment a normal hypothalamic-pituitary-gonadal axis. 
Patients who have atretic or nonpalpable vas deferens 
should be tested for gene mutations in the cystic fibrosis 
transmembrane regulator gene [23]. Partners of surgi- 
cal candidates should have a gynecological evaluation 
to ensure that there are no concurrent female-factor 
fertility problems or general health issues that need to 
be corrected, or that contraindicate the establishment 
of a pregnancy. 

Men requesting a vasectomy reversal require no 
further workup or additional procedures as long as 
their scrotal examination reveals at least one nor- 
mal-sized testicle and they have not developed any 
fertility-impacting medical conditions since their 
vasectomy. If there is any question regarding the pres- 
ence of normal sperm production, a testis biopsy may 
be performed in advance of the reconstruction. 

For men who have not previously had a vasectomy, 
proof of adequate sperm production can be provided 
from a testis biopsy at the same time as the planned 
reconstruction. A vasogram can also be performed to 
confirm patency or obstruction of the vas deferens and/ 


or ejaculatory duct. A vasogram can easily be obtained 
by isolating the straight portion of the vas deferens and 
passing a 30-gauge lymphangiogram needle (No. 6657, 
Becton-Dickinson Co., Franklin Lakes, NJ) directly 
into the lumen. Alternatively, the vas can be carefully 
hemitransected and a 24-gauge angiocatheter inserted 
into the vas lumen. A one-to-one mixture of 5 mL of 
contrast (Renografin 60°) and saline is injected in the 
vas in an antegrade fashion. A common practice is for 
the surgeon to cannulate the abdominal vas deferens 
and perfuse with saline, for example with a 24-gauge 
Angiocath catheter attached to a syringe. If the fluid 
flows easily, abdominal vasal patency is confirmed and 
radiography is not required. Likewise, the surgeon 
may pass a monofilament nonabsorbable suture, such 
as 4-0 Prolene, through the abdominal vas to confirm 
patency without radiography, and if obstruction is 
encountered, its precise position may be determined 
by the length of suture passed. A radiograph is obtained 
to confirm patency of the vasa deferentia, seminal vesi- 
cles, and ejaculatory ducts. The vasogram should not 
be performed before the time of definitive reconstruc- 
tion, since this may cause scarring of the vas and render 
subsequent reparative surgery more difficult. 

Intraoperative sperm cryopreservation can be 
offered to patients as part of their preoperative coun- 
seling. It is easily performed in conjunction with a 
reconstruction, and offers the potential for assisted 
reproduction if the anastomosis should fail and they 
remain azoospermic. 


Type of reconstruction: vasovasostomy 
versus vasoepididymostomy 


While most men with primary excurrent ductal 
obstruction will be obstructed at the level of the epi- 
didymis and can only be corrected with a vasoepidi- 
dymostomy, patients who have had a vasectomy can 
be obstructed at the level of the prior vasectomy site 
as well as within the epididymis. The choice of recon- 
struction in vasectomized men depends on a number 
of factors including the obstructive interval, the 
quality of the fluid from the proximal vas at the time 
of surgery, and the surgeon’s microsurgical experi- 
ence. Epididymal obstruction rarely occurs within 
four years of a vasectomy, but is present in more than 
60% of patients on one or both sides after 15 years of 
vasal obstruction [24]. The absence of fluid, or thick, 
viscous, paste-like fluid, is indicative of an epididymal 
obstruction, and such patients require a vasoepididy- 
mostomy for their reconstruction. 
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Using the data from the authors’ institution, 
Parekattil et al. developed a linear regression algo- 
rithm based on time since vasectomy and patient age 
to predict if a vasoepididymostomy would be required 
in vasectomy reversal [25]. The equation for the vaso- 
epididymostomy prediction score was (age x 0.31) + 
(obstructive interval x 0.94). If the score was greater 
than 20, then a vasoepididymostomy was predicted on 
one or both sides, based on a retrospective analysis of 
483 patients. The score was intentionally set for a 100% 
sensitivity to allow urologists who were not comfort- 
able performing a vasoepididymostomy to identify this 
population preoperatively and refer to someone who 
had the appropriate experience with this procedure. 
This model was subsequently validated in a multicenter 
retrospective and prospective review of 345 vasectomy 
reversal patients [26]. 


Operative planning 

Microsurgical reconstructions are typically per- 
formed as an ambulatory outpatient procedure. For 
vasectomy reversal when the obstructive interval is 
shorter (less than 10 years), it is reasonable to perform 
the surgery under local anesthesia with sedation, since 
it is unlikely to require a vasoepididymal anastomosis. 
The skin is injected with 1% lidocaine. Once the vas is 
isolated, 0.25% bupivacaine is injected into the vasal 
sheath to allow an extended duration of anesthesia. 
In the setting where a vasoepididymostomy is con- 
templated, or in patients whose level of anxiety might 
make a local anesthetic procedure problematic, a gen- 
eral anesthetic or continuous epidural anesthesia is 
preferred. Minimal intravenous hydration is provided 
during the procedure to avoid bladder distension, 
since a Foley catheter is not usually utilized during 
these operations. 

When the patient is anesthetized, careful 
positioning is beneficial, because these are prolonged 
procedures. The surgeon pads pressure points, and 
overextension may be minimized by abducting the 
patient’s arms at 45° angles from the body. The anesthe- 
siologist can consider a soft doughnut pad beneath 
the patient’s head and occasional shifting of the head 
position to prevent pressure-related alopecia. While 
the literature is not definitive on deep venous throm- 
bosis prophylaxis, sequential compression hose may 
be considered. As postoperative infections from scro- 
tal surgery are uncommon, the surgeon may or may 
not recommend a broad-spectrum antibiotic, such as a 
cephalosporin, 30 minutes before the start of surgery. 


At the start of the procedure, the vas is isolated 
over the vasectomy defect using a towel clip through 
the scrotal skin. A vertical surgical incision is centered 
over each hemiscrotum to allow for extension into 
the groin if more extensive mobilization of the vas is 
required. In the case where a vasovasostomy is antici- 
pated, these incisions are 1-2 cm in length to allow only 
the vas ends to be delivered through the skin incision. 
If a vasoepididymostomy will be required, or if a long 
vasal defect is appreciated, a longer skin incision is 
made to allow delivery of the testis. 


Vasovasostomy reconstructive 
techniques 


After completion of a vertical scrotal incision as 
described above, blunt and sharp dissection is used 
in the region of the prior vasectomy to dissect the vas 
with its vascular pedicle from the surrounding tissue 
(Fig.21.1A).Microsurgical bipolar orbattery-operated 
disposable thermal cautery units can be used to obtain 
meticulous hemostasis while minimizing collateral 
cautery injury. After the vas deferens has been suffi- 
ciently mobilized, but before the vas is cut, the vasal 
vascular pedicle is ligated with 6-0 nylon at a point 


Fig. 21.1. Preparation of the vas deferens. (A) Isolation of the prior 
vasectomy site with delivery through the skin incision. (B) Vasal 
holding sutures with ligation of the vascular pedicle adjacent to 
intended anastomosis sites. 
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about 1mm from the site of planned transection. A 
6-0 nylon suture is placed in the periadventitial tissue 
at the base of each vas about 3 cm from the vasal end to 
act as a holding suture (Fig. 21.1B) to lift and maintain 
the vas ends above skin level. The vas is cut across in a 
perpendicular fashion proximal to the vasectomy site. 
The vas ends must be resected back to normal healthy 
tissue to minimize the chance of early postoperative 
stenosis. Fluid from the proximal vas is expressed and 
examined under high-power light microscopy. While 
the presence of complete spermatozoa is associated 
with the best prognosis for future fertility, copious 
clear fluid without spermatozoa also portends a 
good outcome [27]. 

Vasovasostomy may be performed using optical 
loupes or an operative microscope. Macrosurgical 
techniques which do not use any optical magnification 
have been described in the past. These procedures suf- 
fer from higher rates of failure and are now ofa historic 
nature. Two of the most widely accepted techniques, 
the modified one-layer and the multilayer vasal anas- 
tomosis, will be described below. These methods have 
proved to be equally effective with regard to patency 
and pregnancy when performed by an experienced 
surgeon [27]. The one-layer anastomosis is useful 
when the vasovasostomy is to be performed in the 
straight portion of the vas deferens and there is mini- 
mal discrepancy in luminal size between the proximal 
and distal ends. The multilayer technique offers great 
precision in approximating the lumen of each end of 
the vas, particularly when there are widely discrepant 
luminal diameters. 


Modified one-layer vasovasostomy 

First popularized by Schmidt [28], and later modified 
[27], this anastomosis can be performed under either 
loupe or microscopic magnification. The healthy vasal 
ends are preparedas described above and approximated 
in preparation for anastomosis. The distal lumen can 
be gently dilated with the tip of the jeweler’s forceps to 
allow a more symmetric luminal diameter. Some sur- 
geons place the ends of the vas in an approximating 
clamp to facilitate the anastomosis. Ithas been our prac- 
tice to secure the 6-0 nylon vasal holding sutures to the 
operative drape in a fashion to allow performance of 
a tension-free anastomosis. Starting posteriorly, a 9-0 
nylon suture is passed through the entire thickness of 
the vas deferens, puncturing in sequence the serosa of 
the proximal segment, though the muscularis and into 
the edge of the mucosa; then to the mucosa of the distal 


Fig. 21.2. Modified one-layer vasovasostomy. (A) Placement of 
three full-thickness 9-0 nylon sutures in the posterior aspect of 
the ends of the vas deferens. (B) Additional three full-thickness 9-0 
nylon sutures in the anterior aspect. (C) Completion of the anasto- 
mosis with interrupted 9-0 nylon seromuscular sutures between 
the full-thickness stitches. 


end, muscularis, and out through the distal serosa. This 
suture is tied. Two additional full-thickness 9-0 nylon 
sutures are placed on each side of the 9-0 nylon suture 
(Fig. 21.2A). Three full-thickness 9-0 sutures are then 
placed in the anterior aspect and tied (Fig. 21.2B). 
The anastomosis is completed by placing 9-0 nylon 
seromuscular sutures between the previously placed 
full-thickness sutures (Fig. 21.2C). 


Multilayer vasovasostomy 

This technique is modified from the formal two- 
layer anastomosis, popularized and refined by Silber 
[29]. With this anastomosis, three separate layers are 
approximated: luminal, seromuscular, and periadven- 
titial. The precision of this procedure necessitates the 
use of a microscope, and it should be performed by 
surgeons with the appropriate skill set. The vasal ends 
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are prepared in a similar fashion as described for the 
modified one-layer anastomosis. With two 9-0 nylon 
sutures, the posterior vasal ends are brought together 
at the 5 and 7 oclock positions, incorporating only 
adventitia and muscularis (Fig. 21.3A). These sutures 
serve to stabilize the anastomosis in advance of plac- 
ing the delicate luminal stitches. A double-armed 10-0 
nylon suture is then passed inside to out through the 
mucosal edges of each vas end at the 6 oclock posi- 
tion (Fig. 21.3A). This suture is tied, and six or seven 
additional 10-0 nylon luminal stitches are placed cir- 
cumferentially (Fig. 21.3B). Because of the difference 
in luminal diameter between the dilated proximal vas 
lumen and the smaller distal vas lumen, sutures should 
be spaced to allow careful alignment of the lumen, 
avoiding bunching of the luminal edges. Suture ends 
should be cut closely to the knot to avoid protrusion 
of the suture tails into the seromuscular region. Once 
the luminal layer is completed, a 9-0 nylon is passed 
through the seromuscular tissue at the 12 oclock posi- 
tion. Four additional equally spaced sutures of 9-0 
nylon are placed on both sides of the 12 oclock suture 
to complete the seromuscular layer (Fig. 21.3C). A 


Fig. 21.3. Multilayer vasovasostomy 
(inset diagrams show inner and outer 
suture locations). (A) Two 9-0 nylon 
seromuscular sutures have been placed 
in 5 and 7 o'clock positions of vasal ends 
and tied. The first 10-0 nylon mucosal 
suture has been placed posteriorly. 
Note double-armed suture, which 
facilitates precise in-to-out placement 
of mucosal sutures. (B) Additional 10-0 
nylon mucosal sutures placed in anterior 
aspect. (C) Anastomosis is completed 
with outer 9-0 nylon seromuscular 
sutures, with tied mucosal sutures visible 
deep to suture placement. (D) Third 
layer of 9-0 nylon suture is used to 
approximate the loose periadventitial 
layer adjacent to the vas ends. 


third layer of 9-0 nylon suture is used to approximate 
the loose periadventitial layer adjacent to the vas ends 
(Fig. 21.3D). 


Other vasovasostomy anastomotic 
techniques 


While the microsurgical anastomosis remains the gold 
standard, a variety of other anastomotic techniques 
have been utilized with varying degrees of success. 
These approaches seek to shorten operative time and 
reduce experience requirements for the surgeon while 
maintaining or improving upon surgical outcomes. In 
many respects, they reflect the prevailing trends in gen- 
eral urology today. 

With the growing interest in robotic-assisted surgi- 
cal procedures, it is not surprising that this technology 
has been applied to microsurgery. Motion downscal- 
ing software allows the surgeon to use both dominant 
and nondominant hands without discernible trem- 
ors. The da Vinci Surgical System (Intuitive Surgical, 
Mountain View, CA) was used in our laboratory for 
ex-vivo vasovasostomies with human vas deferens 
[30]. While the mean operative times were higher for 
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the robotic-assisted anastomosis than for the micro- 
surgical procedure in this small series, the time was 
decreasing with each successive procedure. Patency 
rates were comparable to those of the microsurgical 
anastomosis. Excellent patency rates were also noted 
in robotic-assisted vasovasostomies and vasoepididy- 
mostomies in the rat model [31]. Similar findings have 
been described with robotic-assisted ovarian tubal re- 
anastomoses [32,33]. 

Research efforts have also focused on the develop- 
ment of methods to produce vasal anastomosis while 
minimizing suture placement. Fibrin glue has shown 
promise as a tissue adhesive in a variety of surgical 
applications, including reproductive microsurgery. 
Animal studies using fibrin glue sealant for vasovasos- 
tomies have consistently shown patency rates compara- 
ble to those of microsurgical anastomosis with reduced 
operative times [34-39]. Shekarriz et al. reported fibrin 
glue-assisted vasoepididymostomy in the rat model 
[40]. This technique allowed similar patency rates to 
standard end-to-side microsurgical anastomoses but 
with marked reduction in surgical times as compared 
to those with conventional reconstruction. Ho et al. 
reported the first series of patients receiving fibrin glue 
vasovasostomy [41]. In their small series, fibrin glue 
was applied as a sealant after placement of three trans- 
mural microsurgical anastomotic sutures. Patency 
and pregnancy rates were 86% and 52%, respectively, 
with mean operative times of 79 minutes. Similarly, 
small studies have utilized the carbon dioxide laser to 
successfully spot-weld the vasal anastomosis [42,43]. 
These techniques may offer some intraoperative time 
savings without compromising success rates. Only 
larger series and longer study duration can establish 
whether fibrin glue and laser welding will be enduring 
methods for vasal reconstruction. 


Complex vasal reconstructions 


Special approaches for reconstruction are indicated 
when the vasal obstruction is outside of the scrotum, 
or when a solitary functioning testis has an irrepara- 
ble ductal system or no ductal system in conjunction 
with a poorly functioning contralateral testis that has 
normal ductal anatomy. Extrascrotal vasal obstruction 
is most commonly associated with vasal injury from 
hernia repairs occurring in infancy or early childhood. 
Recently, there have also been reports noting vasal 
obstruction from laparoscopic and open mesh herni- 
orrhaphies in adults [44]. Pediatric surgical injuries are 
not usually noticed at the time of injury but diagnosed 


decades later when the patient reaches reproductive 
age. As many as 27% of subfertile male patients with 
a history of childhood inguinal hernia repair have 
unilateral vas deferens obstruction from injury [45]. 
If only one vas is obstructed and the contralateral tes- 
tis and vas are functioning normally, the patient’s fer- 
tility may be unimpaired and the obstruction never 
diagnosed. If there are bilateral injuries to the vas or a 
hypofunctioning contralateral testis, repair of the vas 
deferens in the inguinal canal or retroperitoneum is 
indicated. If this repair cannot be performed, because 
of absence of or severe damage to the vas, considera- 
tion should be given to performing a crossover proce- 
dure to utilize a contralateral normal ductal system to 
drain the obstructed testis. 

Occult vasal injury is suggested by a history of pedi- 
atricinguinal or retroperitoneal surgery in conjunction 
with a normal-sized testis and a distended or indurated 
epididymis. The scrotal vas deferens may feel normal 
or thickened. At the time of surgical correction, a testis 
biopsy is indicated to confirm active spermatogenesis 
in the normal-size testis. A vasogram will demonstrate 
a dilated vas lumen ending blindly at the level of the 
internal ring or in the retroperitoneum (Fig. 21.4). To 
locate the proximal end of the vas deferens, an incision 
should be made parallel to the inguinal canal and over 
the area of the internal ring. On occasion, if the vasal 
obstruction is over the lower area of the inguinal canal, 
such asat the level of the external ring, the scrotal inci- 
sion used for the biopsy can be extended up over the 
external ring to allow repair. The proximal end of the 
vas can be isolated and a 6-0 nylon holding suture 
placed in the seromuscular layer to allow easy identifi- 
cation of the lower portion of the vas. Usually, a fibrous 
band extends from the end of the vas, and, if followed 
carefully, this will lead to the abdominal end of the vas 
deferens. Care must be taken to avoid disrupting this 
band, since it can be very difficult to find the proximal 
end of the vas if the “trail” is interrupted. Once the 
distal and proximal vasal ends have been mobilized 
with their vascular pedicles, the ends are brought to 
the skin level for a single or multilayer vasovasostomy. 
Prior to this procedure, fluid from the testicular end 
of the vas deferens is examined for sperm. As with 
vasectomy reversal patients, there may be secondary 
epididymal obstructions. If no sperm are seen, the 
inguinal vasovasostomy can still be performed, with 
the understanding that the patient may require a sub- 
sequent vasoepididymostomy in 3-6 months if he has 
persistent azoospermia. Inguinal vasovasostomies are 
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Fig. 21.4. Right vasogram with internal ring obstruction from 
prior herniorraphy. Note normal contralateral vasogram. 


challenging surgical procedures, largely because of the 
dense fibrotic reaction that may encase the vasal ends, 
making it difficult to mobilize an adequate vasal length. 
One group utilizes laparoscopic mobilization of the 
vas deferens to facilitate the inguinal anastomosis [46]. 
Inguinal reconstructions can have patency and preg- 
nancy rates that are comparable to those with scrotal 
vasovasostomies [47]. 

Alternatively, the patient can be evaluated for a 
crossover procedure if the contralateral vas deferens is 
normal but the contralateral testis isatrophic. Although 
this combination of circumstances is not common, one 
review noted these findings at scrotal exploration in 6% 
of azoospermic patients [48]. The normal vas deferens 
can be mobilized with its vascular pedicle and tunneled 
through the scrotal septum to anastomose either with 
the vas deferens, ifpresent, or directly to the epididymis. 
Contemporary series of crossover vasovasostomies 
have reported moderate success for the management 
of complex obstructions [49,50]. The authors reported 
their early series of crossover vasoepididymostomies, 
and noted mean sperm concentrations over 15 million/ 
mL in 89% of patients [51]. 

Patients who previously have had an unsuccess- 
ful vasectomy reversal present a special challenge for 
surgical reconstruction. These patients often have a 
marked vasal desmoplastic reaction as well as a shorter 
length of usable vas deferens. The vas may need to be 
mobilized by extending the scrotal incision onto the 
lower inguinal region to facilitate dissection of the vas 
up to the inguinal canal. This can create 3-4 cm of addi- 
tional vasal length and avoid the creation of a high- 
riding testicle due to the short vasal length. In addition, 


these patients have a very high likelihood of a second- 
ary epididymal obstruction. In our series of repeat 
vasectomy reversals, 73% of the patients required a 
vasoepididymostomy on at least one side [8], versus 
only 4% in initial reconstructions [27]. 


Vasovasostomy results 


While there is a plethora of series reviewing vasovasos- 
tomy success rates, it is difficult to compare the surgical 
outcomes because of a lack of standardized obstruc- 
tive intervals, coexisting female-factor infertility, and 
differences in surgical algorithms in the choice of vas- 
ovasostomy and vasoepididymostomy. Microsurgical 
vasovasostomy with either a single-layer or multi- 
layer technique produces superior results with regard 
to both patency and pregnancy when compared with 
surgery done without magnification (Table 21.1) 
[27,29,52-56]. 

A variety of preoperative and intraoperative factors 
have been identified that can affect the success rates for 
vasovasostomy [57]. In a large multicenter review of 
vasectomy reversal procedures, Belker et al. related the 
time of obstruction to the success of the surgery (Table 
21.2) [27]. These results were confirmed by a Cox 
regression analysis of 1902 vasovasostomies, which 
demonstrated that when more than nine years had 
elapsed since a vasectomy the chance of a successful 
reversal decreased to less than 60% of the success rates 
achieved when reconstruction took place within three 
years after vasectomy [58]. A history of a prior unsuc- 
cessful vasectomy reversal was not a negative predictor 
for repeat procedure success. Pregnancy and patency 
rates were comparable to those with initial reconstruc- 
tion series when examined at equivalent intervals of 
obstruction [59]. 

The partner’s age is an additional factor that affects 
the eventual success of vasectomy reversal. Fuchs and 
Burt reported that the pregnancy rate was 64% in part- 
ners who were less than 30 years of age and dropped 
progressively to 28% in women aged 40 or older [24]. 
The overall pregnancy rates seemed to favor vasec- 
tomy reversal over intracytoplasmic sperm injection 
until spouses were over age 35, when both techniques 
were associated with dropping success rates. Kolettis 
et al. reported similar pregnancy rates for vasectomy 
reversal in a study of couples with spouses age 35 or 
older [60]. Others have found good pregnancy rates 
until spousal age reaches 40 years old [61]. 

Intraoperatively, vasal fluid quality is a predictor of 
eventual outcome. When clear fluid with motile sperm 
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Table 21.1. Vasovasostomy series 
Author Year Microsurgery Patients (n) Patency (%) Pregnancy (%) 
Derrick [52] ° 973 O 1600 38 19 
Silber [29] 977 Yes 26 90 76 
Lee [53] 980 (0) 41 90 46 
Yes 26 96 54 
Soonawala [54] 984 o 94 81 44 
Yes 339 89 63 
Belker [27] 991 Yes 1247 86 52 
Kabalin [55] 991 o 11 79 36 
Fox [56] 994 Yes 03 84 48 


a Survey of practicing urologists 


Table 21.2. Obstructive interval vs. outcomes [27] 


Obstructive Patency (%) Pregnancy (%) 
interval (years) 

<3 97 76 

3-8 88 53 

9-14 79 44 

>15 71 30 


was noted at the time of surgery, 94% of patients had a 
return of sperm to their ejaculate, as opposed to only 
60% when no sperm were noted in the vasal fluid [27]. 
When sperm were absent from the intraoperative vasal 
fluid, patency and pregnancy results correlated with 
characteristics of vasal fluid with copious clear fluid 
portending the best outcomes. The absence of fluid or a 
thick, inspissated fluid suggests an epididymal obstruc- 
tion, and a vasoepididymostomy should be considered. 


Vasoepididymostomy reconstructive 
techniques 


Once the vasa are proved patent and the testis shown 
to be actively producing sperm by biopsy, the block- 
age must lie somewhere in between these structures. 
Obstruction at the rete testis or the efferent ducts 
(“empty epididymis syndrome”) is uncommon. In 
most, the obstruction will be found within the epi- 
didymis and therefore is potentially correctable. After 
delivery of the testis and epididymis through a vertical 
scrotal incision, the epididymis is examined, and often 
the site of obstruction is readily apparent because of a 
sudden change in caliber of the tubule from distended 
to flat. Sometimes, the area of obstruction is demar- 
cated by a blue-brown discoloration just beneath the 
epididymal tunic. This lipofuchsin stain represents 


sperm extravasation and breakdown near the site of 
obstruction. Ultimately, the area of obstruction must 
be confirmed by examination of the fluid within the 
epididymal tubule. Beginning in the tail of the epi- 
didymis, exploration is carried out systematically, 
moving proximal until normal-appearing motile or 
nonmotile sperm are found. To do this, a 1 cm incision 
is made in the epididymal tunic using curved micro- 
scissors. This window allows exposure of multiple 
epididymal tubule loops (Fig. 21.6A). A single loop is 
identified and carefully isolated from the surrounding 
tubules. The method of opening the tubule is deter- 
mined by the choice of anastomotic technique, as will 
be described below. 

A variety of methods for anastomosing the vas def- 
erens to the epididymis have been described [62]. The 
original technique involved the creation of a fistulous 
communication between multiple incised epididymal 
loops and the opened lumen of the vas deferens. Patency 
and pregnancy rates were low by contemporary stand- 
ards [48, 63,64], and this procedure has largely been 
abandoned. Lespinasse modified this technique and 
attempted to create a precise epididymal tubule-to-vas 
anastomosis [65]. Without the aid of magnification, he 
exposed loops of epididymal tubule and passed a fine 
suture through a single loop which he brought through 
the mucosal surface of the vas. The suture was brought 
out through the skin, and removed at a later time when 
it had eroded the epididymal tubule into the vas. 

The next major advance was described by Silber 
in 1978 [66]. He reported his technique of end-to-end 
single tubule anastomosis, representing the first true 
microsurgical approach to vasoepididymal reconstruc- 
tion. With this method, the end of the epididymis was 
serially cut off until reaching a point just above the 
obstruction identified by free flow of sperm-containing 
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Fig. 21.5. End-to-end vasoepididymostomy. (A) Epididymis is seri- 
ally transected starting distally until a sperm-laden tubule is identi- 
fied. (B) Two 9-0 nylon sutures are placed in the 5 and 7 o'clock 
positions to approximate the seromuscular wall of the end of the 
vas with the cut edge of the epididymal tunic. (C) Four 10-0 nylon 
double-armed sutures are placed in quadrant fashion between the 
epididymal and vasal mucosa. (D) Anastomosis is completed with 
additional 9-0 nylon sutures between the epididymal tunic and the 
seromuscular wall of the vas deferens. 


fluid from a single cut tubule (Fig. 21.5A). The cut end of 
the distal vas was then brought into opposition with the 
portion of the cut tubule exuding sperm, and two 9-0 
nylon sutures were placed at the 5 and 7 oclock posi- 
tions of the seromuscular surface of the vas, to secure the 
cut end of the distal vas to the epididymal tunica (Fig. 
21.5B). Next, four double-armed 10-0 nylon sutures 
were placed in a quadrant fashion between the mucosa 
of the vas and the epididymal tubule (Fig. 21.5C). These 
sutures were not tied until all had been positioned. 
Finally, the seromuscular vasal layer was approximated 
to the epididymal tunic layer with several interrupted 
9-0 nylon sutures (Fig. 21.5D). 

Others described a modification to this technique 
using an end-to-side anastomosis [67,68]. This cir- 
cumvented some of the problems with the end-to-end 
technique since it did not require resection of the epi- 
didymis while facilitating identification of the patent 
epididymal tubule and minimizing bleeding. Instead of 
completely transecting the epididymis, a microknife is 
used to make a 0.5-1 mm incision in the side of a single 
epididymal tubule. With the tubule opened and sperm 
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Fig. 21.6. End-to-side vasoepididymostomy. (A) Epididymal tunic 
is incised, exposing a loop of epididymal tubule. Inset: Epididymal 
tubule is opened along dotted line in figure. Seromuscular wall of 
the vas deferens is secured to the cut edge of the epididymal tunic 
with two 9-0 nylon sutures placed in the 5 and 7 o'clock positions. 
(B) Quadrant double-armed 10-0 nylon sutures are placed in an 
in-to-out fashion in the epididymal and vasal mucosa. (C) After the 
inner 10-0 sutures are tied, 9-0 nylon interrupted sutures are used 
to approximate the epididymal tunic to the seromuscular layer of 
the vas. 


presence confirmed, a single 10-0 nylon suture is placed 
outside-in at the lateral border of the cut mucosal edge. 
This acts as an identification suture for use later with the 
anastomosis. The vas is secured to the epididymal tunic 
with two 9-0 nylon sutures at the 5 and 7 oclock posi- 
tions (Fig. 21.6A). Next, three or four double-armed 
10-0 nylon sutures are placed in a quadrant fashion 
through the edge of the epididymal tubule (Fig. 21.6B). 
The sutures are placed in the corresponding quadrant 
of the vasal mucosa and tied. The anastomosis is com- 
pleted with additional 9-0 nylon sutures between the 
epididymal tunic and the seromuscular layer of the vas 
deferens (Fig. 21.6C). Finally, several 9-0 nylon sutures 
are used to anchor the vas deferens to the parietal layer 
of the tunica vaginalis. These final sutures serve to pre- 
vent direct tension on the anastomosis, and are placed 
well away from the vasoepididymostomy site. 

Most recently, intussusception vasoepididymos- 
tomy, first described by Berger [69], with several subse- 
quent modifications by others [70,71], has been gaining 
popularity. The intent of this technique is to allow the 
precision of the standard end-to-side anastomosis 
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Fig. 21.7. Intussusception end-to-side vasoepidymostomy. (A) 
Three double-armed 10-0 nylon sutures are placed in a triangu- 
lated fashion in the epididymal loop. The needles are left in place 
until all have been placed to avoid decompressing the tubule, 
which could make suture placement more difficult. Tubule is incised 
along dotted line after suture placement. (B) Ends of the sutures are 
placed in-to-out in the vasal mucosa. (C) Sutures are tied to allow 
intussusception of the epididymal tubule into the vas lumen. 


while simplifying and minimizing the microsuture 
placement. It differs from the end-to-side technique in 
that the lumen is opened after the sutures are positioned 
in the epididymal tubule and, once opened, the loop is 
drawn into the vasal lumen with the sutures rather than 
approximated to it. As with the end-to-side anasto- 
mosis, a small window is created in the epididymal 
tunic to allow extrusion of dilated epididymal loops. 
An appropriate loop is chosen and freed with sharp 
dissection from surrounding loops so that it can eas- 
ily be pulled into the vasal lumen without tension. The 
end of the vas deferens is secured to the opened tunic 
with two 9-0 nylon sutures, as was performed with the 


end-to-side anastomosis. Three double-armed 10-0 
nylon sutures are placed ina triangular configuration in 
the desired epididymal loop (Fig. 21.7A). The epididy- 
mal tubule is carefully opened between the positioned 
sutures. Once sperm is confirmed in the epididymal 
fluid, the needles are passed through the corresponding 
areas of the lumen of the vas in an inside-out fashion. 
The sutures are then tied, creating an invagination of 
the epididymal loop into the vasal lumen (Fig. 21.7B,C). 
Finally, additional 9-0 nylon sutures are placed to 
approximate the seromuscular layer of the vas to the 
epididymal tunic. 


Vasoepididymostomy results 


Vasoepididymostomy results vary significantly, depend- 
ing on the experience level of the surgeon, the level of the 
epididymal obstruction, and the reproductive capacity 
of the partner. Table 21.3 summarizes the contempo- 
rary patency and pregnancy rates for vasoepididymal 
anastomoses [63,69,70,72-75]. Unlike vasovasosto- 
mies, which may demonstrate patency within weeks 
of surgery, vasoepididymostomy patients may only 
begin to have sperm in their ejaculate 3-6 months 
after surgery, and even longer in some cases. For this 
reason, vasoepididymal anastomoses are not judged 
to be technical failures until at least 12 months have 
elapsed [62,76]. 


Tricks of the trade 


Several additional techniques are worthy of special 
emphasis. One of the biggest challenges facing the sur- 
geon who undertakes vasoepididymostomies or redo 
reconstructions is to obtain adequate vasal length to 
ensure a tension-free anastomosis. To obtain this length, 
the vas is placed on mild traction using the 6-0 Prolene 
seromuscular holding suture. This allows the loose tissue 
to be separated from the vas and small vessels cauterized 
with a bipolar or thermal cautery unit while preserving 
the vascular pedicle associated with the vas. The incision 
can be extended cephalad to the level of the pubic tuber- 
cle, allowing further exposure of the vas. Additional 
mobility can be obtained by pushing away the adherent 
tissue using a small blunt periosteal elevator or Kitner 
retractor. If necessary, the incision can be extended to 
the internal inguinal ring and the external oblique fas- 
cia incised to allow additional mobility. On the other 
end, the tail and proximal epididymis can also be freed 
to gain additional length. This maneuver requires great 
care to avoid devascularization of the epididymis but 
can provide an additional centimeter or so of length for 
the difficult vasoepididymal anastomosis. 
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Table 21.3. Vasoepididymostomy outcomes 


Author Year Patients (n) Anastomosis Patency (%) Pregnancy (%) 
Dubin [63] 1985 46 End-to-end 39 13 
Silber [72] 1989 139 End-to-end 78 56 
Dewire [73] 1995 137 End-to-side 79 50 
Berger [69] 1998 12 Intussusception 92 Not reported 
Marmar [70] 2000 9 Intussusception 78 22 
Chan [74] 2005 68 Intussusception 84 40 
Schiff [75] ° 2005 153 End-to-end 13 20 
End-to-side 74 40 
3-suture intuss 84 46 
2-suture intuss 80 44 


€ P < 0.05 comparing patency rates between intussusception techniques and end-to-end or end-to-side vasoepididymostomies. 
No statistically significant differences in pregnancy rates between techniques. 


Extensive scrotal reconstructions, especially 
repeat procedures, potentially can injure the testicular 
blood supply and possibly result in testicular atrophy. 
Fortunately, this is a rare complication, but it is more 
likely if there has been a compromise of the vasculature 
from previous scrotal surgery, varicocele ligation, or 
herniarepair. In this setting, we use a Doppler ultrasonic 
probe (VTI Surgical Doppler ref. #108100 and a dispos- 
able neurosurgical Doppler probe, manufactured by 
Vascular Technology, Inc, Lowell, MA) to identify the 
arterial supply and facilitate extensive dissections. 


Microsurgery in the era of assisted 
reproduction 


An analysis of microsurgical reconstruction would not 
be complete unless placed in the context of develop- 
mentsin assisted reproductive technologies. Palermo et 
al. reported the first pregnancies from intracytoplasmic 
sperm injection in 1992 [77], andits use has revolution- 
ized the management of some causes of male infertility. 
The success of the technique has driven some to suggest 
it for treatment of all causes of infertility, regardless of 
etiology. However, to do so would overlook a variety 
of safety issues related to ovulation induction, includ- 
ing ovarian hyperstimulation, which, while fortunately 
rare, can be a life-threatening complication [78,79]. 
A safety issue of more significance relates to the high 
incidence of multiple births, with the associated costs 
and complications of these pregnancies, as up to 40% 
of these pregnancies are twins, triplets, or even higher 
order [82]. While there does not appear to be a signifi- 
cant increase in the major chromosomal malformation 


rate, there remain troubling reports concerning a 
higher incidence of minor malformations in the chil- 
dren resulting from intracytoplasmic sperm injection 
[81-87]. It remains to be seen if this elevated risk is 
related to the treatment itself, or to underlying genetic 
issues in the patients choosing assisted reproduction. 
Additionally, economic analyses strongly favor the use 
of microsurgical reconstructions over intracytoplas- 
mic sperm injection for the treatment of the majority 
of patients with obstructive azoospermia [88,89]. 


Summary 


Exciting advances in microsurgical technique, optical 
magnification, and surgical equipment have allowed 
the restoration of genital tract patency in patients with 
excurrent ductal obstruction. Ultimately, outcomes 
remain dependent on the surgeons’ experience with 
their chosen techniques. Regardless of the surgical 
anastomosis method used, the surgeon who undertakes 
vasectomy reversal must be prepared for and facile with 
vasoepididymostomy techniques, since there is a signifi- 
cant likelihood this will be routinely called for in these 
patients. 
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Á Edward Karpman and Daniel H. Williams IV 


Introduction 


The development of in-vitro fertilization using intracy- 
toplasmic sperm injection (IVF/ICSI) in 1992 revolu- 
tionized the management of male infertility. After the 
successful use of this combination, testicular biopsy 
became not only a diagnostic procedure to measure the 
degree of spermatogenesis, but also a therapeutic tech- 
nique to retrieve sperm for IVF/ICSI. Earlier attempts 
to utilize testicular or epididymal sperm with conven- 
tional IVF had met with disappointing results, and 
couples were left with limited options of using donor 
sperm and artificial insemination or adoption. 

Along with this new technology of IVF/ICSI came 
a need for simplified but more sophisticated sperm 
retrieval techniques. The demand for less invasive ways 
to retrieve sperm in patients with abundant sperm pro- 
duction (e.g., congenital absence of the vas deferens, 
reproductive tract obstruction) encouraged the devel- 
opment of minimally invasive surgical approaches 
such as percutaneous epididymal sperm aspiration 
and testis sperm aspiration or extraction. The ability 
of IVF/ICSI to overcome even the most difficult cases 
of male-factor infertility, such as nonobstructive azoo- 
spermia, led to the development of more sophisticated 
sperm retrieval techniques such as microdissection 
testicular sperm extraction in those patients with 
severely impaired spermatogenesis. The literature is 
replete with variations on these techniques for surgical 
sperm retrieval, and they allow reproductive urologists 
to choose for their patients the approach that will yield 
the greatest number of high-quality sperm while min- 
imizing damage to the reproductive tract. 

After establishing IVF/ICSI as a powerful tool for 
the treatment of male-factor infertility, many IVF cent- 
ers began focusing on refining their technique in order 
to optimize outcomes for their patients. Additional 
pressure to produce high-quality results came about 
after the establishment in 1985 of mandatory reporting 


Techniques of sperm retrieval 


of IVF success rates by individual centers in the USA 
to the Society for Assisted Reproductive Technology. 
This mandatory reporting is available for public scru- 
tiny, and concern for market pressures has driven IVF 
centers to critically evaluate their own success rates. 
Optimizing IVF/ICSI success rates meant evaluating 
the sources of sperm retrieval (testicular or epididy- 
mal) and the success achieved with fresh versus fro- 
zen-thawed sperm, amongst other variables. 

The goal of this chapter is to provide a compre- 
hensive review of the available techniques for sperm 
retrieval, along with a brief description of the subtleties 
of each surgery. Following the description is a critical 
assessment of the outcomes associated with the various 
techniques, based on the published literature and the 
experience of the authors. 


Pre-retrieval preparation 


Patients are asked to discontinue any medications or 
supplements that may have an antiplatelet effect for 
at least one week prior to the procedure. Appropriate 
infectious disease laboratory tests (HIV, HTLV, 
hepatitis, syphilis, etc.) are evaluated prior to the 
retrieval date to ensure that a specimen can be cryo- 
preserved in the general population tanks, orto deter- 
mine whether a quarantine tank will be required. A 
responsible adult is requested to accompany the patient 
to and from the planned sperm retrieval procedure. 
Barring unforeseen circumstances, sperm procure- 
ment procedures are done on an outpatient basis. The 
physicians and technologists providing IVF/ICSI are 
made aware that a sperm retrieval is taking place and 
are involved with tissue examination and transporta- 
tion of the specimens from the site of retrieval to the 
reproductive laboratory. Often, an embryologist or 
technician from the reproductive medicine center is 
present to examine specimens intraoperatively and to 
provide the appropriate transport media and supplies. 
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A bench microscope is available to examine specimens 
intraoperatively prior to transport. 

Regardless of the method employed, sperm 
retrieval requires anesthesia. Conscious sedation, 
local, regional, or general anesthesia may be used. 
The specific type of anesthesia used depends on how 
sperm are procured as well as on both the surgeon’s 
and the patient’s preferences. For local anesthesia, 
the testicle and scrotal skin are anesthetized by infil- 
trating the spermatic cord and skin with a mixture of 
short- and long-acting local anesthetics. Conscious 
sedation in an office setting requires that the surgeon 
and the office staff be trained and certified in such 
techniques. The office is equipped to provide moni- 
toring such as continuous pulse oximetry, serial blood 
pressures, and recording levels of patient conscious- 
ness. A “crash cart” is immediately available, and 
office staff is trained and certified to perform basic life 
support and advanced cardiac life support. If sperm 
retrieval is performed in a surgery center or hospital 
setting, the anesthesia of choice is administered by an 
anesthesiologist. 

Patients are instructed to abstain from sexual 
activity for 2-3 days prior to sperm retrieval, and are 
asked not to shave prior to their procedure. However, 
a recent meta-analysis reported no difference in surgi- 
cal site infections when patients are clipped or shaved 
one day before surgery or on the day of surgery [1]. 
A pre-procedure antibiotic with appropriate Gram- 
positive coverage is administered thirty minutes prior 
to incision [2-4]. If intravenous access is available, IV 
antibiotics are given. If a local anesthetic only is used, 
then an oral antibiotic is given. Patients are placed in 
the supine position. After the induction of anesthesia, 
the scrotal skin is shaved, prepped, and draped in the 
standard sterile fashion. 


Vasal sperm 
Indications 


In the setting of normal spermatogenesis and vasal 
obstruction - either iatrogenic or congenital - sperm 
may be aspirated from the lumen of the testicular end 
of the vas deferens. Vasal sperm have completed their 
transit through the epididymis, presumably reaching 
full maturation and reproductive potential. When 
indicated or desired by an infertile couple, vasal 
sperm may be procured at the time of vasectomy 
reversal for backup in case of short-term or long- 
term technical failure. Other potential indications 
to harvest vasal sperm include vasal occlusion after 


vasectomy, inguinal hernia repair with mesh, radical 
prostatectomy, or finding of vasal abnormalities in 
the setting of cystic fibrosis transmembrane regula- 
tor gene mutations. 


Technique 


The authors prefer a vertical hemiscrotal incision car- 
ried through the dartos fibers to the level of the tunica 
vaginalis (Fig. 22.1), but any incision proximal to the 
vas deferens may be used. The dartos fibers are swept 
away bluntly, and the testicle is delivered from the 
hemiscrotum. Hemostasis is obtained with electro- 
cautery. The operating microscope is used for optimal 
visualization of vital structures. The vas deferens is 
identified below the site of obstruction. Curved iris 
scissors and a needle-tipped bovie are used to isolate 
the vas deferens. A fine hemostat is placed under the 
testicular end of the vas deferens and the obstructed 
end of the vas is held with a fine-toothed pickup. A 
5-0 holding stitch is placed on the testicular end of 
the vas deferens. A #3 nerve holder stabilizes the vas 
deferens, which is then transected with a straight blade 
(Fig. 22.2). The obstructed end of the vas is then tied 
with a 3-0 free tie for hemostasis. Bipolar electrocau- 
tery is used for hemostasis. The testicular end of the vas 
deferens is held with 0.12 pickups, while the lumen of 
the vas deferens is gently dilated with dilating jeweler’s 
forceps (Fig. 22.3). The epididymis and vas deferens are 
gently manipulated while the vasal fluid is aspirated 
with a 1 mL tuberculin syringe with an angiocatheter 
(Fig. 22.4). 

Each syringe is primed with a small amount of 
sperm wash media or human tubal fluid. Each syringe 
is transferred to the surgical scrub nurse, who replaces 
the used syringe with an empty syringe primed with 
media. The scrub nurse collects all vasal aspirates in 
a separate vial, which ultimately will be passed off the 
surgical field to the embryologist. Once adequate fluid 
has been expressed, a small drop is examined under 
light microscopy for the presence of motile sperm. At 
this anatomic level, only motile sperm are viable and 
adequate for IVF/ICSI or cryopreservation. Once the 
surgeon and embryologist determine that adequate 
numbers of viable sperm have been obtained, then 
the testicular end of the vas deferens is tied with a 3-0 
free tie. Meticulous hemostasis is obtained with bipo- 
lar electrocautery. The testicle is replaced in the hemi- 
scrotum. The dartos layer is closed with a running 3-0 
suture. The skin edges are reapproximated with inter- 
rupted 3-0 sutures in a horizontal mattress fashion. 
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Fig. 22.2. Dividing the vas deferens, using a nerve holder for 
stabilization. See color plate section. 


Sterile dressings, fluffs, and a scrotal supporter are 
applied. 

Vasal sperm are preferred in all patients who have 
vasal occlusion secondary to a vasectomy or prosta- 
tectomy, since this represents the most mature sperm 
and does not risk damaging the epididymis for future 
sperm retrieval. Vasal sperm are used only when 
motile sperm can be identified in the specimen. 


Fig. 22.1. Vertical 
hemiscrotal incision used for 
delivery of the testicle. See 
color plate section. 


Fig. 22.3. Gentle dilation of the testicular end of the vas deferens. 
See color plate section. 


Epididymal sperm 
Indications 


Indications for epididymal sperm procurement are 
similar to those for vasal sperm. Epididymal sperm 
aspiration may be pursued when it is known or deduced 
that testicular function is normal in the presence of 
obstructive azoospermia. Common indications to 
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Fig. 22.4. \Vasal sperm aspiration using an angiocatheter and 
syringe. See color plate section. 


harvest epididymal sperm include congenital bilat- 
eral absence of the vas deferens and vasal occlusion 
after vasectomy in patients who either are not can- 
didates for or do not desire microsurgical recon- 
struction. It should be noted that because outcomes 
in ICSI are similar when sperm are derived from the 
testis, these are also indications for testicular sperm 
extraction. 


Techniques 


Microsurgical epididymal sperm aspiration (MESA) 
Various techniques of epididymal sperm aspiration 
have been described [5,6]. The authors prefer an oblit- 
erative approach in order to maximize sperm extrac- 
tion. Obliterative MESA involves removing motile 
sperm from all possible sites of the epididymis to be 
used for immediate assisted reproductive techniques 
and for cryopreservation for subsequent IVF cycles. 
Patients are counseled that in the event that no 
motile epididymal sperm are found, testicular sperm 
extraction is indicated. A general anesthetic is pre- 
ferred for MESA. 

The testicle is delivered from the scrotum. The 
tunica vaginalis is opened to expose the tunica albu- 
ginea and epididymis. Hemostats are placed on the 
edges of the tunica vaginalis for easier identification 
at the end of the procedure. The operating micro- 
scope at 20-25x is used for optimal visualization and 
localization of epididymal tubules (Fig. 22.5). The 
epididymis is carefully inspected for dilated tubules 
and for a potential secondary epididymal “blowout,” 
which might be seen after vasectomy. For patients 


Fig. 22.5. Dilated epididymal tubules visualized under the 
operating microscope. See color plate section. 


Fig. 22.6. Hypoplastic epididymis in patient with CBAVD. See color 
plate section. 


with congenital bilateral absence of the vas deferens 
(CBAVD), the epididymis is examined and meas- 
ured because the size of usable epididymis in these 
patients is variable (Fig. 22.6). Curved vasoepididy- 
mostomy scissors are used to open the tunica of the 
epididymis and isolate the dilated epididymal tubules. 
Indigo carmine irrigation can facilitate visualiza- 
tion of the tubules. Dissection begins at the tail of the 
epididymis and proceeds towards the caput. Once a 
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Fig. 22.7. Appearance of epididymal tubules after opening the 
tunica of the epididymis. See color plate section. 


tubule is isolated (Fig. 22.7), it is opened with a fine 
ophthalmologic blade or the vasoepididymostomy 
scissors. The epididymal fluid is aspirated and exam- 
ined under light microscopy. If motile sperm are seen, 
the fluid may be collected for cryopreservation. If no 
motile sperm are present, a more proximal tubule is 
isolated and opened. The fluid at the new site is again 
aspirated and examined. This process is repeated until 
motile sperm are found. If no motile sperm are seen 
up to the level of the rete testis, then testicular sperm 
extraction is performed. 

Obliterative MESA is performed by opening all 
dilated tubules containing motile sperm with the 
ophthalmologic blade. The surgeon squeezes the epi- 
didymis so as to minimize bleeding while the epi- 
didymal fluid is flushed with a 1 mL tuberculin syringe 
primed with human tubal fluid or sperm wash media. 
This technique continues from the point of finding 
motile sperm towards the head of the epididymis. Once 
all ofthe epididymal tubules have been opened and fluid 
has been aspirated to the satisfaction of the surgeon 
and the embryologist, the entire epididymis is obliter- 
ated with electrocautery until hemostasis is obtained. 
The tunica vaginalis may be closed with a running 3-0 
suture, or a hydrocelectomy may be performed, at the 
surgeon's discretion. The testicle is delivered back into 
the hemiscrotum, which is closed. 

Obliterative MESA (Fig. 22.8) typically is per- 
formed bilaterally in a single session so as to maximize 
sperm procurement while anesthetizing the patient 
only once. The decision to perform a unilateral oblit- 
erative MESA only is based on preoperative patient 
counseling as well as intraoperative findings. 


Fig. 22.8. Appearance of epididymis after completion of 
obliterative MESA. See color plate section. 


Mini-MESA 

As for obliterative MESA, general anesthesia is pre- 
ferred for mini- MESA. However, conscious sedation 
with a spermatic cord block may be used. A 1 cm 
incision is made on the upper scrotal skin, and the 
tunica vaginalis is opened [7]. A self-retaining retrac- 
tor, such as a pediatric eyelid retractor, is placed. The 
testicle is maintained within the hemiscrotum, and 
the epididymis is rotated into the field. A 7-0 Prolene 
stay suture is placed in the tunica of the epididymis. 
With the operating microscope at 20-25 optical mag- 
nification, a single epididymal tubule is isolated and 
opened with a fine ophthalmologic blade or the vaso- 
epididymostomy scissors. Epididymal fluid is then 
aspirated with a fine-tipped angiocatheter. As in the 
obliterative MESA technique, inspection of epi- 
didymal tubules begins at the cauda and progresses 
proximally toward the head of the epididymis. The 
fluid is examined under light microscopy. Individual 
epididymal tubules are closed with interrupted 10-0 
nylon sutures, and the epididymal tunic is closed with 
interrupted 9-0 nylon sutures. Meticulous hemostasis 
is obtained with bipolar electrocautery and the scro- 
tum is closed in layers. If adequate amounts of motile 
sperm are not obtained, the procedure is repeated on 
the contralateral side. 


Percutaneous epididymal sperm aspiration (PESA) 

PESA may be performed to obtain sperm for IVF/ 
ICSI [8,9]. It can be done with a local anesthetic in 
an office setting. Conscious sedation or premedica- 
tion with an analgesic and/or anxiolytic agent may be 
administered. The advantages of this technique over 
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MESA may include lower costs, less post-procedure 
pain, and no need for a general anesthetic. The dis- 
advantages include procurement of fewer sperm 
for IVF/ICSI, the potential for increased bleeding, 
since the aspiration needle is passed blindly, multi- 
ple times, into vascular structures, and the inabil- 
ity to examine for sites of bleeding or to administer 
electrocautery. 

After a spermatic cord block and local anesthetic 
are administered, the epididymis is isolated and 
held by the surgeon’s nondominant hand. If the epi- 
didymis does not feel full, or if it is difficult to pal- 
pate, testicular extraction should be considered in 
lieu of PESA, as these findings suggest either that 
the epididymis is not obstructed or that a second- 
ary epididymal “blowout” has occurred. A 23-gauge 
butterfly needle connected to a 10 mL syringe is used. 
A vacuum is created in the needle tubing by placing a 
hemostat close to the butterfly needle, withdrawing 
the syringe plunger to create the vacuum, and placing 
a second hemostat on the tubing closer to the syringe. 
The plunger is released and attention is turned to the 
PESA. 

A butterfly needle is inserted into the epididymis 
to stabilize it, and the hemostat closest to the needle 
is released. A small amount of epididymal tissue and 
fluid should be visible in the needle tubing. With the 
needle in place, the steps to create the vacuum in the 
needle tubing are repeated so that multiple aspirations 
may be performed. If necessary, the needle is with- 
drawn and replaced in a separate site until adequate 
tissue and fluid are obtained. The sample is examined 
under light microscopy by the embryologist, and if 
it is deemed adequate the procedure is ended. After 
the butterfly needle is withdrawn, direct pressure is 
applied to the puncture site(s) to ensure adequate 
hemostasis. 


Testicular sperm 
Indications 


For cases of severe male-factor infertility such as non- 
obstructive azoospermia, or for obstructive azoosper- 
mia, testicular sperm may be used for IVF/ICSI. 
Nonobstructive azoospermia can be the consequence 
of a number of genetic or environmental conditions 
including Klinefelter syndrome, Y-chromosome micro- 
deletions, cryptorchidism, hypogonadism, varicocele, 
or mumps orchitis. Additionally, testicular sperm may 
offer superior outcomes over epididymal or ejaculated 
sperm in properly selected cases [10]. Evidence suggests 


Fig. 22.9. Small transverse incision used to access the testis for 
testicular sperm retrieval. See color plate section. 


that the outcomes of IVF/ICSI are improved in patients 
using testicular versus ejaculated sperm when multiple 
IVF attempts have failed and abnormal sperm DNA 
integrity is demonstrated [10]. 


Techniques 


Testicular sperm extraction (TESE)/testicular mapping 
General anesthesia is preferred for this procedure, 
although conscious sedation with a spermatic cord 
block may be used. Magnification is recommended. 
The preferred technique of the authors is similar to 
the open “window” technique [11]. The scrotum is 
shaved, prepped, and draped. If a testicular size dis- 
crepancy exists, the larger testicle is biopsied first. If 
the testes are of similar size and consistency, and if a 
varicocele is present, the side without the varicocele is 
biopsied first. 

A 1-2 cm incision is made on the scrotal skin and 
carried through the dartos layer to the tunica vagina- 
lis. The tunica vaginalis is grasped with fine-toothed 
pickups and opened sharply with curved iris scissors. 
Hemostats are placed on the edges of the tunica vagi- 
nalis. The opening in the tunica vaginalis is extended 
with electrocautery to expose the surface of the tunica 
albuginea (Fig. 22.9). The testicle remains in the 
hemiscrotum. A pediatric eyelid speculum may be 
placed underneath the tunica vaginalis as a retrac- 
tor. The surface of the testicle is inspected for any 
abnormalities and for prominent vasculature. Care is 
taken to avoid sub-tunical blood vessels. A 5-0 hold- 
ing stitch is placed in the tunica albuginea, and a #11 
blade is used to open the tunica albuginea (Fig. 22.10). 
Seminiferous tubules are extruded and removed 
(Fig. 22.11). A piece of tissue is sent to the pathologist, 
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Fig. 22.10. Testicle is stabilized using a holding suture. An 
opening is made in the tunica albuginea. The holding suture may 
then be used to close the tunica albuginea. See color plate section. 


Fig. 22.11. Eyelid retractor can be used as a self-retaining 
retractor. Seminiferous tubules are easily extruded using light 
manual pressure. See color plate section. 


and another piece is teased on a sterile slide with a 
drop of human tubal fluid or sperm wash media and 
examined under light microscopy. If sperm are seen, 
more tissue is taken from this area and given to the 
embryologist for use for IVF/ICSI. If no sperm are 
seen, then bipolar electrocautery is used for hemosta- 
sis, and the opening in the tunica albuginea is closed 
with the previously placed 5-0 suture in a running 
fashion. After this suture is tied, the ends are left long 
and a hemostat is placed on them to be used for retrac- 
tion. The above procedure is repeated until sperm are 
found or until the upper, middle, and lower poles of 
the testicle have been adequately sampled. If no sperm 
are seen, the identical procedure is performed on the 
contralateral testicle. The wound is closed with a run- 
ning 3-0 suture on the tunica vaginalis and a running 


3-0 suture on the dartos layer; and the skin edges are 
reapproximated with interrupted 3-0 sutures in a hori- 
zontal mattress fashion. Sterile dressings, fluffs, and a 
scrotal supporter are placed. 

Another testicular biopsy technique for nonob- 
structive azoospermia involves sampling multiple areas 
of the testis by fine-needle aspiration [12]. With this 
technique, a “map” of the testicle may be constructed, 
which can be useful in directing future open sperm 
extractions. For this mapping procedure, the scro- 
tum is not opened. Rather, a spermatic cord block and 
wheals of local anesthetic are made on the scrotal skin. 
A 23-gauge needle attached to a 10 mL control syringe 
is passed into the testicle. While suction is applied, the 
needle is passed in and out of the testicle, and tissue is 
systematically obtained. In general, 4-12 samples are 
taken. The tissue is then examined for the presence or 
absence of sperm. 


Microdissection testicular sperm extraction 

In an effort to minimize the amount of testicular tissue 
removed during testicular sperm extraction (TESE) 
and to maximize the number of sperm harvested 
from the testicle, the technique of microdissection 
TESE was developed [13]. Microdissection TESE 
(also referred to as “micro-TESE”) has been shown 
to result in finding of sperm in a greater proportion 
of men with nonobstructive azoospermia than have 
random biopsies alone. Despite a single larger inci- 
sion, this technique may result in less intratesticular 
reaction than a multiple biopsy approach [13-16]. 
Microdissection TESE also is effective in retrieving 
sperm when previous conventional biopsies showed 
no sperm [17]. 

General anesthesia is preferred for this tech- 
nique, given the extensive dissection and the need 
for high-powered 15-25 optical magnification with 
the operating microscope to optimally visualize vital 
structures. The testicle is delivered out of its respec- 
tive hemiscrotum and the tunica vaginalis is opened. 
At the level of the midpole of the testis, the tunica 
albuginea is opened widely with the #11 blade, while 
the integrity of the testicular blood supply is main- 
tained. The surgeon’s nondominant hand holds the 
everted testicle while the dominant hand carefully 
and systematically dissects the seminiferous tubules 
under high-power magnification (Fig. 22.12). The 
bipolar electrocautery is used for dissection and 
meticulous hemostasis, and saline is used to irrigate 
the field for optimal visualization of bleeding ves- 
sels. Seminiferous tubules that appear prominent 
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parenchyma for 
microdissection 


Centrifugal vessels 


Fig. 22.13. Appearance of dissected testicular tissue during 
microdissection TESE with prominent seminiferous tubules 
containing sperm. (Courtesy of Peter N. Schlegel MD.) See color plate 
section. 


and full compared to the surrounding tubules 
are harvested (Fig. 22.13). These small volumes of 
higher-yield testicular tissue are excised, placed in 
human tubal fluid, and passed off the operative field 
to the experienced embryologist, who examines the 
tissue under light microscopy, or sent to the tissue 
processing laboratory. After sperm are found, or 
when the dissection is complete, the tunica albuginea 
is carefully closed with a running suture. The tunica 
vaginalis is closed or a hydrocelectomy is performed. 
The testicle is delivered back into the hemiscrotum 


Eversion of testicular 


Fig. 22.12. Schematic representation 
of the microdissection TESE procedure. 
(Courtesy of Peter N. Schlegel MD.) 


and the wound is closed. The procedure is performed 
on the contralateral side if no sperm are found on 
the first side, or if the surgeon prefers to maximize 
sperm yield. 


Testicular sperm aspiration (TESA) 

Unlike TESE or micro-TESE, TESA is not recom- 
mended for patients with nonobstructive azoosper- 
mia except when used in conjunction with testicular 
mapping [18]. TESA is typically indicated in cases 
of obstructive azoospermia. Similar to PESA, TESA 
may be performed under a local anesthetic in an office 
setting. Conscious sedation or premedication with an 
analgesic and/or anxiolytic agent may be given. Two 
disadvantages of this minimally invasive technique 
are that fewer sperm are procured for IVF/ICSI and 
the sperm obtained are less mature than epididymal 
sperm. Since the aspiration or biopsy needle is passed 
blindly multiple times into the testicle, there is a poten- 
tial for bleeding coupled with the inability to examine 
for bleeding sites or administer electrocautery. 

After a spermatic cord block and local anesthetic 
are administered, the testis is held by the surgeon’s non- 
dominant hand. TESA is performed with a technique 
similar to that of PESA in that a 23-gauge butterfly nee- 
dle connected to a 10 mL syringe is used. Some stud- 
ies suggest improved yield with larger needles [19]. A 
vacuum is created in the needle, as described for PESA. 
A butterfly needle is inserted into the testis to stabilize 
it. The hemostat closest to the needle is then released. 
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A small number of seminiferous tubules are seen in the 
needle tubing. With the needle in place, the steps to 
create the vacuum in the needle tubing are repeated so 
that multiple aspirations may be performed. If neces- 
sary, the needle is withdrawn and replaced into a sepa- 
rate site until adequate tissue and fluid are obtained. 
The sample is examined under light microscopy by the 
embryologist, and if the sample is deemed adequate the 
procedure is ended. After the butterfly needle is with- 
drawn, direct pressure is applied to the puncture site(s) 
to ensure adequate hemostasis. 


Post-retrieval care 


Pain medication is provided as needed. Patients are 
instructed to apply ice packs to the scrotum for 24-48 
hours, to abstain from sexual activity for at least three 
days, to keep their incision(s) dry for 24 hours, and 
to wear a scrotal supporter for at least 1-2 weeks 
until they are fully healed. Generally, oral antibiot- 
ics are continued empirically for 3-5 days, given the 
clean-contaminated environment of the surgical site, 
although some studies suggest that a single preopera- 
tive dose alone is adequate [2-4]. Patients are encour- 
aged to return in 2-3 weeks for a postoperative wound 
check. 


Outcomes 
Surgical sperm retrieval success 


The success of sperm retrieval depends on several fac- 
tors, including the etiology of male-factor infertility, 
the technique used for sperm retrieval, the skill and 
experience of the individual surgeon, and the process- 
ing of the specimen after it has been retrieved. The 
actual outcome of IVF/ICSI in men with successful 
sperm retrieval is beyond the scope of this chapter. 
The etiologic factors that require surgical sperm 
retrieval are very important in predicting the success 
of each type of procedure. Patients with obstructive 
azoospermia, by definition, have abundant sperm in 
both the testis and the epididymis that are available for 
surgical sperm retrieval by a wide range of techniques 
[20-23]. Because of this, the Practice Committee of 
the American Society for Reproductive Medicine 
has stated in its recent guidelines that virtually all of 
the reported surgical sperm retrieval techniques are 
acceptable for patients with obstructive azoosper- 
mia [24]. The success of surgical sperm retrieval is 
independent of the cause of obstructive azoospermia 
(i.e., congenital bilateral absence of the vas deferens, 


elective sterilization, infection, iatrogenic injury). 
Consequently, male infertility specialists have tried to 
minimize the invasiveness of the procedures required 
to procure an adequate sample for multiple cycles 
of IVF/ICSI. Techniques to retrieve sperm from the 
epididymis (PESA) or testis (TESA, percutaneous 
biopsy or “PercBiopsy,’ and testicular fine-needle 
aspiration) via a percutaneous approach have been 
described. 

Despite the universal prevalence of sperm in 
obstructive azoospermia, some of the minimally 
invasive surgical sperm retrieval techniques are not 
as effective as the standard open procedures in iden- 
tifying sperm in patients with obstructive azoosper- 
mia. For example, the success rate of identifying sperm 
in obstructive azoospermia patients using PESA has 
been reported to be 41-91% of patients [20,22,25,26]. 
Additionally, in patients who have undergone a vasec- 
tomy, the success of surgical sperm retrieval using 
PESA was even lower (20%) when an epididymal cyst 
was found [22]. Epididymal cysts are found in 30% of 
patients after a vasectomy [27]. In all of these studies, 
men were found to have sperm on subsequent surgi- 
cal sperm retrieval using standard open techniques or 
TESA. 

Another instance of obstructive azoospermia 
in which PESA might yield lower success rates than 
open techniques is in patients with congenital bilateral 
absence of the vas deferens (CBAVD), especially when 
the absence is due to mutations of the cystic fibrosis 
transmembrane regulator gene. These patients often 
have poorly developed epididymal units in conjunc- 
tion with the absence of vas deferens. The epididymal 
remnants can be limited to only a small epididymal 
head. In one study, success of PESA in cases of obstruct- 
ive azoospermia due to CBAVD was observed to be 
89%, and 95% in cases of vasectomy [28]. Additionally, 
recent evidence suggests that not all patients with cystic 
fibrosis transmembrane regulator gene mutations and 
reproductive tract anomalies have preserved sperma- 
togenesis, further reducing the success of PESA in this 
subgroup of patients [29-31]. 

In contrast to results in patients with obstructive 
azoospermia, the success of surgical sperm retrieval 
is variable and significantly lower in patients with 
nonobstructive azoospermia, which can be caused 
by a broad spectrum of diseases. The incidence of 
finding mature sperm in the testicle in cases of non- 
obstructive azoospermia correlates highly with the 
underlying histopathologic diagnosis. For example, 
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sperm are identified in 89.2% of patients with hypo- 
spermatogenesis, in 62.5% of those with maturation 
arrest, and in 16.3% of Sertoli-cell-only patients using 
a standard open testicular mapping technique, not 
exceeding four biopsies per testicle [32]. Using the 
testicular fine-needle aspiration technique, others 
have reported finding mature sperm in 95% of men 
with hypospermatogenesis, 46.4% of men with matu- 
ration arrest, and 48.3% of Sertoli-cell-only patients 
after undergoing a mean of 15 punctures per testicle 
[33]. Microdissection TESE is the latest and probably 
most promising technique for surgical sperm retrieval 
in nonobstructive azoospermia patients [13]. The 
reported sperm retrieval rate associated with micro- 
TESE is 81% in patients with hypospermatogen- 
esis, 44% in men with maturation arrest, and 41% in 
Sertoli-cell-only patients [15]. Knowledge of which 
surgical sperm retrieval is used in each individual eti- 
ology of nonobstructive azoospermia offers important 
prognostic information for both the couple undergo- 
ing IVF/ICSI and the reproductive endocrinologist. In 
even the most severe cases of testicular failure, as evi- 
denced by an FSH level greater than three times nor- 
mal, mature sperm are identified in 30% of the cases 
ona routine testicular biopsy [34]. 

Patients with several special conditions deserve 
particular attention as to their outcomes and type of 
sperm retrieval. These include patients with Klinefelter 
syndrome, Y-chromosome microdeletions, or undes- 
cended testes, and patients who have undergone 
chemotherapy or radiation for malignancy. 


Klinefelter syndrome 


Klinefelter syndrome represents the most common 
karyotypic abnormality associated with nonobstruct- 
ive azoospermia. These patients have sperm found at 
surgical sperm retrieval, with various success rates 
reported in the literature. The largest series have 
shown a 48-66.6% success rate using TESE or TESA 
[33,35]. Clinical parameters that can predict successful 
sperm retrieval include mosaic Klinefelter (47,XXY/ 
XY), normal facial hair pattern, and absent gyneco- 
mastia, according to one study [35]. Unfortunately, 
testicular size, FSH level, and testosterone level have 
shown inconsistent correlation with sperm recovery 
[35-37]. A unique approach of preoperative admin- 
istration of aromatase inhibitors or human chorionic 
gonadotropin followed by microdissection TESE was 
shown to be successful in 72% of Klinefelter patients 
undergoing surgical sperm retrieval [38]. 


Y-chromosome microdeletions 


Y-chromosome microdeletions were found in up 
to 10.8% of men with infertility in several reported 
international studies [39-42]. Both complete and 
partial deletions of the azoospermia factor (AZF) 
locus have been described and subclassified into 
several regions (AZFa, AZFb, AZFc), and these are 
associated with various histologic patterns on testicu- 
lar biopsy. The impact on spermatogenesis is vari- 
able, and dependent on the specific region of deletion 
identified on the Y chromosome. Some men with 
Y-chromosome microdeletions will have sperm in 
the ejaculate whereas others will have azoospermia 
even on the most thorough inspection of testicular 
tissue. One study investigating patients with vari- 
ous Y-chromosome microdeletions found an over- 
all success of 56% with surgical sperm retrieval [43]. 
‘The stratified results showed that only patients with 
pure AZFc deletions had successful sperm recovery. 
Furthermore, the authors demonstrated that micro- 
dissection TESE was more successful than diagnostic 
biopsy in identifying sperm (75% vs. 45%). In patients 
with AZFa and AZFb deletions, no sperm for retrieval 
were found with either technique. However, caution 
should be used when recommending against surgical 
sperm retrieval in patients with AZFa or AZFb dele- 
tions, as the study group consisted of only 12 patients, 
limiting any generalized conclusion about these 
patients. 


Cancer and chemotherapy or 
radiation therapy 


Cancer and subsequent chemotherapy or radiation 
can cause azoospermia in young men still interested 
in fertility. Various types of cancer occur in men of 
reproductive age, but studies looking at the impact of 
these cancers on spermatogenesis have shown no sig- 
nificant impairment in pretreatment semen param- 
eters as compared to those of controls. One exception 
to this observation is seen in patients with testicular 
cancer. Various chemotherapeutics are used to treat 
cancer, and they have a variable impact on sperm- 
atogenesis and recovery of spermatogenesis after 
treatment. In men who remain azoospermic after 
chemotherapy, surgical sperm retrieval coupled with 
IVF/ICSI represents the only possibility for fathering 
a child genetically similar to both parents. The suc- 
cess of surgical sperm retrieval in post-chemother- 
apy azoospermia is highly dependent on the type 
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and duration of chemotherapy used. Consequently, 
there are no predictive models for sperm recovery 
rates in these patients. The histological patterns seen 
on testicular biopsy most often show Sertoli-cell-only 
syndrome, hypospermatogenesis, and maturation 
arrest, respectively [44,45]. The success of surgical 
sperm retrieval in post-chemotherapy patients has 
been reported at 45% using either TESE or micro- 
dissection TESE in patients with an average age of 
37.4 years, FSH 21.8 mIU/mL, and a mean testos- 
terone level of 327 ng/dL. The histologic pattern 
was Sertoli-cell-only in 76% of the biopsies in this 
group of patients [44]. Another study performed tes- 
ticular mapping with fine-needle aspiration prior to 
TESE and reported a surgical retrieval rate of 65.2%. 
The patient characteristics were very similar to those 
in the previously described study, except for a much 
lower rate of Sertoli-cell-only (47.8%) found on tes- 
ticular biopsy [45]. 


Cryptorchidism 

Cryptorchidism is implicated in approximately 10% of 
cases of male infertility [46]. It accounts for 27% of all 
cases of azoospermia and 60% of cases of unexplained 
nonobstructive azoospermia [47]. Although there is a 
high incidence of azoospermia in patients who have 
undergone orchidopexy, many patients are still able to 
produce sperm of relatively normal quantity and qual- 
ity. This group of patients represents another highly 
heterogeneous cohort when it comes to predicting 
the level of preserved spermatogenesis. Variables to 
be considered include the degree of cryptorchidism 
(abdominal, inguinal, high scrotal, ectopic), laterality 
(unilateral or bilateral), age at orchidopexy, and age 
of the patient when he seeks evaluation for a male- 
factor infertility. These patients represent the entire 
spectrum of histologic subtypes at the time of testic- 
ular biopsy [48-50]. The success of surgical sperm 
retrieval has been reported to be between 51.9% and 
74% in these series. Looking at variables to predict 
success, Negri et al. reported patient age and FSH level 
as positive predictive variables in men who under- 
went TESE [48]. Raman et al. reported patient age at 
the time of orchidopexy and testicular volume as posi- 
tive predictors in patients undergoing either TESE or 
micro-TESE [49]. In contrast, Vernaeve et al. reported 
that there were no clinical parameters that predicted 
successful sperm retrieval at the time of TESE in this 
subset of patients with azoospermia and history of 
orchidopexy [50]. 


Surgical volume and testicular 
tissue processing 


The effect of individual surgeon experience on the 
outcomes of surgical procedures has been evaluated 
in many different fields of surgery. It is intuitive that 
surgeons who perform large numbers of a particular 
procedure will have better outcomes than their coun- 
terparts who perform the same procedure less fre- 
quently. This aspect of surgical outcomes has not been 
evaluated when it comes to surgical sperm retrieval, 
and likely represents one of the reasons for the dispari- 
ties seen in reported sperm retrieval rates when similar 
procedures are compared. 

Another often overlooked but important aspect 
of successful sperm retrieval is the impact of the 
processing of the tissue after it has been removed and 
identification of sperm within the specimen. A good 
example supporting this point is seen when evalu- 
ating samples in patients with known hyposperm- 
atogenesis. By definition, all of these patients should 
have sperm found during testicular sperm retrieval. 
However, even in the best of hands and with the most 
sophisticated techniques, the literature reports that 
efforts fall short of the universal identification of 
sperm. The diligence and experience of the person 
or persons evaluating the tissue is critical to success 
in finding sperm. 


Special circumstances 


One unique situation using testicular sperm for IVF/ 
ICSI deserves mention. DNA damage to sperm may 
occur after the sperm separates from Sertoli cells [51]. 
Sperm with DNA damage may be associated with 
poorer outcomes in IVF/ICSI [52]. A novel solution to 
this problem of abnormal sperm DNA fragmentation 
employs sperm retrieved directly from the testicle, 
even when sperm are readily available in the ejaculate. 
In a small series of patients who had repeated IVF/ 
ICSI failures and elevated DNA fragmentation indi- 
ces, Greco et al. reported improved outcomes with 
IVF/ICSI when sperm were retrieved directly from 
the testicle [10]. Significant improvements in preg- 
nancy (44.4% vs. 5.6%) and implantation rate (20.7% 
vs. 1.8%) were seen when the oocytes were fertilized 
with testicular sperm rather than ejaculated sperm. 
This initial report on the use of testicular sperm for 
patients with elevated sperm DNA damage is promis- 
ing, and opens the door for further research and test- 
ing in this area. However, the results must be treated 
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with caution, as the method to detect DNA frag- 
mentation is under investigation, and the number of 
patients in the study is small. 


Conclusion 


Techniques for sperm retrieval have become an integral 
part of the surgical armamentarium of every reproduct- 
ive urologist in the era of IVF/ICSI. Knowledge of and 
experience with the various procedures, along with an 
understanding of the relative success of each approach 
in individual situations, is important for any urologist 
counseling patients entering into an IVF/ICSI pro- 
gram. Not all techniques are equally suitable for all 
patients. The patient’s underlying etiology of azoosper- 
mia or testicular failure, coupled with the urologist’s 
and embryologist’s expertise, are the critical determin- 
ants of successful sperm retrieval. PESA, TESA, and 
TESE have simplified the approach in patients with 
obstructive azoospermia, while more advanced tech- 
niques like testicular mapping and microdissection 
TESE have given new hope for patients with even the 
most severe cases of nonobstructive azoospermia. 
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obstruction 


Aleksander Chudnovsky and Victor M. Brugh Ill 


Introduction 


Ejaculatory duct obstruction has been identified as 
a possible cause for male-factor infertility since the 
late 1960s [1]. Interestingly in the authors’ experience 
today, only a few of the men who are referred for fur- 
ther evaluation at a tertiary care center with the clin- 
ical picture of ejaculatory duct obstruction have been 
evaluated, nor has the diagnosis of obstruction even 
been considered. Making the diagnosis of partial ejacu- 
latory duct obstruction can be clinically challenging, 
given the wide variation in its manifestations. Men 
with ejaculatory duct obstruction will have palpable 
vasa and normal testes on examination and normal 
hormonal evaluation. Semen analyses will vary, but will 
typically reveal low volume and azoospermia, or low 
concentration and/or motility, and sometimes necro- 
spermia. In the past, the existence of partial ejaculatory 
duct obstruction has been challenged. However, with 
studies illustrating improvement of semen parameters 
in these cases after treatment, partial ejaculatory duct 
obstruction has been accepted as a clinical entity. 
Ejaculatory duct obstruction frequently is incom- 
pletely evaluated, and a missed diagnosis is likely 
because it is an uncommon cause of male-factor infer- 
tility and not considered. The ejaculatory ducts may be 
obstructed by either congenital or acquired causes in 
1-5% of infertile males [2-4]. Once the clinical picture 
of ejaculatory duct obstruction has been recognized, 
specialized testing will strengthen the diagnosis or rule 
out obstruction. Historically, obstruction has been 
evaluated by confirming normal spermatogenesis 
with testicular biopsy and then identifying the site of 
obstruction with vasography. Today, transrectal ultra- 
sound (TRUS) is used to detect obstructing lesions 
and provide evidence of obstruction of the ejaculatory 
ducts in a noninvasive manner. In fact, screening stud- 
ies using transrectal ultrasound of the prostate have 
found that 5% of the male population has ejaculatory 
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cysts, though not all of them cause infertility [5]. Like 
many other men with infertility caused by obstruction, 
men with ejaculatory duct obstruction have multiple 
treatment options. Of these, transurethral resection 
of the ejaculatory ducts (TURED) offers men possible 
cure for their infertility. If left untreated, some lesions 
causing partial obstruction may progress to complete 
obstruction and azoospermia [6]. 

This chapter offers a discussion of basic normal 
ejaculatory duct embryology, anatomy, and physiology 
to lay a foundation for an understanding of the clinical 
findings and treatment of obstruction. Evaluation and 
treatment options for the patient with suspected ejacu- 
latory duct obstruction will be discussed, as well as 
alternatives and potential complications of treatment. 


Embryology, anatomy, and physiology 

A comprehensive review of prostatic embryology 
and ejaculation physiology can be found in Chapters 
1 and 9. However, a brief review may assist in the 
understanding of ejaculatory duct obstruction. The 
genital ductal system in males and females develops 
from the Wolffian (mesonephric) ducts and Millerian 
(paramesonephric) ducts. These two ductal systems 
lie in close proximity to one another and adjacent to 
the undifferentiated gonads. The Wolffian duct devel- 
ops and joins the urogenital sinus. From the Wolffian 
duct the ureteral bud forms. The caudal-most portion 
of the Wolffian duct is absorbed into the urogenital 
sinus, allowing the ureter and mesonephric duct to 
open separately into the urogenital sinus. In the male 
the mesonephric duct continues to develop into the 
epididymis, vas deferens, seminal vesicle, and ejacu- 
latory duct. From along the posterior urogenital sinus, 
lateral to the verumontanum, five paired epithelial 
buds develop. These buds form above and below the 
mesonephric duct, forming the prostate as they grow 
into the mesenchyme. The Miillerian ducts develop 
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Fig. 23.1. Ejaculatory duct anatomy. 


towards the urogenital sinus and in the female are 
destined to become the fallopian tubes, uterus, and 
the major portion of the vagina. Under the influence 
of anti-Miillerian hormone, secreted from the Sertoli 
cells in the primitive testis, the Miillerian structures 
involute. The remnant Miillerian structures in the 
maleare the prostatic utricle and appendix testis, and 
in some men remnant Miillerian duct structures can 
be found in the midline of the prostate as Millerian 
duct cysts [7]. 

In the adult male the prostatic utricle is normally 
found in the center of the verumontanum, and the ejacu- 
latory ducts enter into the prostatic urethra as beveled 
orifices laterally on the verumontanum adjacent to the 
prostatic utricle (Fig. 23.1). Through the verumonta- 
num the ducts are directed obliquely and downstream 
into the urethra, thereby minimizing the potential for 
reflux [8]. The major portion of the course of the ducts 
is lined with collagen, and the ducts function simply as 
a conduit for semen to exit the vasa and seminal vesi- 
cles during ejaculation. The diameter of the ejaculatory 
duct varies along its course, with the proximal portion 
measuring approximately 1.7mm and the distal por- 
tion about 0.3 mm. In normal males, at the mid-portion 
of the duct, the average diameter is 0.6 + 0.1mm as 
measured by ultrasound and by microscopic anatomic 
studies of cadaveric and surgical specimens [8,9]. The 
ducts are typically between 1 and 2 cm long and enter 
the prostate at its base, coursing anteriorly and medi- 
ally to reach the verumontanum. The ejaculatory ducts 
are contiguous with the seminal vesicles, which are 
joined at the origin of the ducts by the ampulla of the 
vas deferens [10,11]. 

During emission the sympathetic nervous sys- 
tem mediates contraction of the vas deferens and 


seminal vesicles, with resultant emission of seminal 
fluid through the ejaculatory ducts and into the pros- 
tatic urethra. In normal ejaculation, the simultaneous 
closing of the bladder neck prevents retrograde ejacu- 
lation. Bladder neck closure is also controlled by sym- 
pathetic outflow. Ejaculation is the forceful expulsion 
of seminal fluid that occurs in response to rhythmic 
contractions of the bulbocavernosus and ischiocaver- 
nosus muscles of the pelvic floor. These striated muscle 
groups are under the control of the somatic nervous 
system. 


Etiology 

Causes of ejaculatory duct obstruction may be either 
congenital or acquired. Acquired causes include infec- 
tions (sexually transmitted diseases, prostatic abscess, 
prostatitis, tuberculosis), tumors, ejaculatory duct 
calculi, and urethral catheterization, as well as iatro- 
genic trauma secondary to pediatric rectal surgery and 
transurethral procedures [12-14]. Congenital ejacula- 
tory duct obstruction results from anomalies such as 
utricular, Miillerian, and Wolffian duct cysts, as well as 
congenital atresia or stenosis of the ejaculatory ducts 
[15]. Some unexplained cases of congenital ejaculatory 
duct obstruction might have genetic causes, because 
CFTR gene mutations found in some of these patients 
may represent a minor variant of cystic fibrosis [16]. 


Evaluation and diagnosis 


The diagnosis of ejaculatory duct obstruction is estab- 
lished by documenting normal spermatogenesis and 
patent proximal excurrent ducts, including vas def- 
erens, and establishing the point of distal obstruction. 
Evaluation of patients suspected of having ejaculatory 
duct obstruction starts with detailed history and physi- 
cal examination. The most common complaint in 
men presenting with ejaculatory duct obstruction is 
infertility, as most of these men are otherwise asymp- 
tomatic. Other than infertility, men with ejaculatory 
duct obstruction may present with a variety of symp- 
toms. In one study, patients with ultrasound findings 
of dilated seminal vesicles, prostatic cysts, or seminal 
vesicle or ejaculatory duct calculi were found to have 
hematospermia, perineal pain, and painful ejacula- 
tion [17]. Other symptoms occasionally associated 
with ejaculatory duct obstruction are pain radiating 
into testis, difficulties with bowel habits and tenesmus, 
change in the volume of ejaculate, and lower urinary 
symptoms consistent with bladder outlet obstruction. 
Patients presenting for evaluation of azoospermia may 
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have a history of urinary tract infection, penile dis- 
charge, urethral trauma or manipulation, or decreas- 
ing ejaculate force or volume. Generally, a high degree 
of clinical suspicion is necessary to diagnose ejacula- 
tory duct obstruction, because of the lack of specific 
symptoms associated with this condition. 

Physical examination of men with ejaculatory 
duct obstruction in most cases is unremarkable. 
Occasionally, patients will have abnormal prostatic 
findings, such as a midline cystic mass or dilated semi- 
nal vesicles, suggesting possible anatomical abnormal- 
ity and prompting further evaluation. Rarely, on scrotal 
examination men will have dilated vasa or epididymi- 
des. A routine hormonal profile is obtained to evalu- 
ate azoospermia or oligospermia, which in the case of 
ejaculatory duct obstruction usually reveals normal 
follicle-stimulating hormone (FSH), luteinizing hor- 
mone (LH), and testosterone, thus suggesting normal 
spermatogenesis [18]. 

Ejaculatory duct obstruction may be complete or 
partial, and men with partial obstruction will have var- 
ied presentations. The largest portion of the ejaculate is 
produced by the seminal vesicles, and when the ejacu- 
latory ducts are obstructed the semen lacks those secre- 
tions. Therefore, semen analyses in cases of complete 
ejaculatory duct obstruction will reveal low-volume 
( 1 mL) azoospermia, and the ejaculate frequently 
will be watery and acidic (pH<7) [19]. Absence of 
fructose in the semen is consistent with obstruction 
and lack of contribution of fluid from the seminal 
vesicles but is not always found in cases of ejaculatory 
obstruction. The differential diagnosis of complete 
ejaculatory duct obstruction should include congeni- 
tal bilateral absence of the vas deference, failure of 
emission, and retrograde ejaculation [18]. Congenital 
bilateral absence of the vas deferens can be diagnosed 
with physical examination; postejaculatory urinalysis 
can rule out retrograde ejaculation, and failure of emis- 
sion frequently may represent neurological causes. In 
cases of partial ejaculatory duct obstruction, semen 
parameters may vary, with the most frequent findings 
being low semen volume, oligospermia, or azoosper- 
mia, poor or absent sperm motility, and finally poor 
survival in vitro and failure to fertilize an egg [20,21]. 

The next step in the evaluation should include 
imaging modalities. The optimal diagnostic method 
has not been defined. Historically, vasography through 
a partial-thickness vasotomy was performed in the 
scrotal portion of the vas deferens [22]. This happens 
to be the most invasive diagnostic technique, as it 


involves scrotal incision and dissection of vas deferens. 
Partial vasotomy is then performed using intraopera- 
tive microscope and microsurgical technique. Vasal 
fluid obtained from vasotomy at the time of the proce- 
dure is examined microscopically. Presence of a signifi- 
cant amount of sperm confirms that spermatogenesis 
is present and proximal excurrent ducts are patent. 
Contrast medium injected using a 22- or 24-gauge 
angiocatheter into the abdominal portion of the vas 
deferens will either efflux into the bladder (indicating 
no obstruction) or fill dilated obstructed seminal vesi- 
cles. Methylene blue may be injected for a non-contrast 
vasography. 

Contemporary evaluation and management of 
ejaculatory duct obstruction has been greatly sim- 
plified and streamlined by the use of high resolution 
transrectal ultrasound [19,23]. This has the advantage 
of being less invasive and less expensive than vasog- 
raphy. The ultrasonographic diagnosis of ejacula- 
tory duct obstruction is based upon the finding 
of dilation of the seminal vesicles (Fig. 23.2) and 
abnormalities in the region of the ejaculatory ducts. 
Some additional findings include ejaculatory duct 
cysts, Miillerian duct remnants, and seminal vesicle 
or ejaculatory duct calculi (Fig. 23.3) [17]. Chronic 
obstruction of the ejaculatory ducts should, over time, 
produce dilation of the seminal vesicles and vasa. The 
size of the seminal vesicle on the ultrasound is deter- 
mined by measuring its anteroposterior diameter. 
The normal size is thought to be up to 1.5 cm. Thus, 
ejaculatory duct obstruction should be suspected in 
men with seminal vesicle anteroposterior dimension 
greater than 1.5 cm [19]. Ejaculatory duct dilation (> 
1.2mm) may also be visualized by transrectal ultra- 
sound in some cases of ejaculatory duct obstruction 
[24]. If the seminal vesicles are not dilated but the 
index of suspicion remains high for ejaculatory duct 
obstruction, seminal vesicle aspiration might bring 
additional diagnostic value. The finding of numerous 
sperm within the seminal vesicles of an azoospermic 
patient is suggestive of ejaculatory duct obstruction 
[25]. At the same time seminal vesiculography can be 
performed by injecting contrast medium into the sem- 
inal vesicles and obtaining dynamic images. In cases of 
ejaculatory duct obstruction, contrast fills the vasa ret- 
rograde and a vasogram is obtained. When there is no 
ejaculatory duct obstruction, contrast effluxes into the 
urethra through the ejaculatory ducts. Using the same 
transrectal access and ultrasound guiding technol- 
ogy, chromotubation may be done. Chromotubation 
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Fig. 23.3. High-resolution transrectal ultrasound of the prostate, 
demonstrating a Mullerian duct cyst (C), dilated ejaculatory ducts 
splayed laterally (arrows), and bladder (B). 


is performed by injecting indigo carmine or diluted 
methylene blue into one seminal vesicle at a time in an 
antegrade fashion. Direct cystoscopic examination of 
the verumontanum and ejaculatory duct orifices fol- 
lows the injection. Failure to visualize efflux of blue dye 
is usually thought to be suspicious for ejaculatory duct 
obstruction [26]. 

Purohit et al. studied different techniques to 
strengthen the diagnosis of ejaculatory duct obstruc- 
tion and predict outcomes of transurethral resection of 
the ejaculatory ducts in men with findings consistent 


Fig. 23.2. High-resolution transrectal 
ultrasound of the prostate, demonstrat- 
ing a dilated seminal vesicle with an 
anteroposterior size of 18mm (in cross 
hatches). 


with obstruction on semen analysis and initial trans- 
rectal ultrasound [26]. This study found that tran- 
srectal ultrasound alone has poor specificity for the 
evaluation of ejaculatory duct obstruction. However, 
addition of such dynamic tests as seminal vesiculo- 
graphy or chromotubation more reliably predicted 
successful outcomes with transurethral resection of 
the ejaculatory ducts than did transrectal ultrasound 
or seminal vesicle aspiration for sperm alone. 

Engin et al. compared transrectal ultrasound to 
endorectal MR imaging for ejaculatory duct obstruc- 
tion [27].Prostaticcysts, ejaculatory ductdilation(>2mm 
in width), ejaculatory duct calculi or calcifications, semi- 
nal vesicle dilation (anteroposterior diameter > 15mm), 
seminal vesicle hypo/agenesis (aneroposterior diameter 
<7mm), seminal vesicle cysts (>5mm), vasal agenesis, 
and chronic prostatitis (coarse calcifications, heteroge- 
neity in prostate) were considered significant findings 
for obstruction of the seminal duct system. The authors 
concluded that ultrasound is a good method for initial 
evaluation of men suspected of having ejaculatory duct 
obstruction, and endorectal MRI should be reserved for 
selected patients in whom results of transrectal ultra- 
sound are not conclusive. MRI allows betterassessmentof 
anatomical relationships between the structures of inter- 
est. High soft tissue contrast, multiplanar capability, the 
accuracy of determination of the localization of lesions, 
and characterization of the cystic lesions in T2-weighted 
images make endorectal MRI an ideal imaging method 
in the evaluation of some of these lesions that cannot be 
detected otherwise (Fig. 23.4) [27]. 
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Fig. 23.4. Mullerian duct cyst (C), dilated seminal vesicles (SV), 
prostate (P), and bladder (B), as demonstrated on a T2-weighted MRI 
of the pelvis. 


Management of ejaculatory duct 
obstruction 


As with many other causes of male-factor infertility, 
there are multiple treatment options for infertile cou- 
ples in whom the male partner has ejaculatory duct 
obstruction. To obtain improved chances at natural 
conception, men with ejaculatory duct obstruction 
may undergo transurethral resection of the ejaculatory 
ducts. For men with partial ejaculatory duct obstruc- 
tion and motile sperm in the ejaculate, intrauterine 
insemination (IUI) or in-vitro fertilization (IVF) with 
or without intracytoplasmic sperm injection (ICSI) 
are treatment options, depending on individual semen 
parameters. For men who are azoospermic and suffer 
from ejaculatory duct obstruction, epididymal or tes- 
ticular sperm extraction in conjunction with IVF/ICSI 
is an option to attain a pregnancy. Before surgical ther- 
apy for correction of ejaculatory duct obstruction is 
undertaken a complete evaluation of the female part- 
ner should be performed, to exclude any female fac- 
tors that may prevent natural conception. 


Transurethral resection of the 
ejaculatory ducts 


Transurethral resection of the ejaculatory ducts 
(TURED) was first described by Farley and Barnes in 
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Fig. 23.5. Transurethral resection of ejaculatory ducts. 


1973 [28]. In 1978, Porch reported the first pregnancy 
after a male with ejaculatory duct obstruction was 
treated with resection of the ejaculatory ducts [29]. 
Since these first reports, multiple different adjuncts to 
this procedure have been described to increase success 
rates, decrease morbidity, and avoid unnecessary resec- 
tions. Transurethral resection of the ejaculatory ducts is 
carried out with the patient in the lithotomy position, 
usually under general or spinal anesthesia. Typically, 
opacification of the seminal vesicles and ejaculatory 
ducts is performed by either vasography or transrectal 
ultrasound-guided seminal vesiculography using con- 
trast mixed with dilute methylene blue. The addition of 
one ofthese procedures lends multiple advantages. First, 
with each of these options fluid from either the vasa or 
the seminal vesicles can be sampled to confirm the pres- 
ence of sperm, therefore confirming spermatogenesis 
in azoospermic males. Also, if sperm are present in the 
seminal vesicles at the time of seminal vesiculography 
the diagnosis of obstruction is supported. Vasography 
and seminal vesiculography may also confirm obstruc- 
tion radiographically. Finally, inclusion of dilute meth- 
ylene blue in the contrast media aids in guidance during 
resection. In patients with Miillerian or Wolffian cysts, 
simultaneous imaging with transrectal ultrasonogra- 
phy may also be helpful in guiding resection. Resection 
of the ducts may be carried out with a standard 24 
French resectoscope, resecting the proximal por- 
tion of the verumontanum (cephalad) to include the 
ejaculatory ducts (Fig. 23.5). Ifa Miillerian or Wolffian 
duct cyst is present the cyst only needs to be unroofed to 
decompress the cyst and open the ejaculatory ducts (an 
optical urethrotome, Turner- Warwick, Collins hook, or 
Nd:YAG laser can also be used to unroof cystic lesions 
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Table 23.1. Success rates of transurethral resection of the ejaculatory ducts. Where possible, success rates of complete versus partial 


obstruction are differentiated [12,13,33-40] 


Reference Number of patients 


Overall cases of ejaculatory duct obstruction 


Kadioglu, 2001 [33] 38 
Turek, 1996 [34] 46 
Meacham, 1993 [13] 24 
Weintraub, 1993 [35] 5 
Pryor, 1991 [12]? 12 
Carson, 1984 [36] 4 
Vicente, 1983 [37] 9 
Amelar and Dubin, 1982 [38] 6 


Complete obstruction 
Kadioglu, 2001 [33] 2P) 
Turek, 1996 [34 22 


Partial obstruction 


Kadioglu, 2001 [33] 16 
Netto, 1998 [39 14 
Turek, 1996 [34 24 
Goldwasser, 1985 [40] 4 


Successful improvement 
of semen parameters 


Successful pregnancy 


74% 13% 
65% 20% 
50% 29% 
80% 40% 
83% 42% 
75% 25% 
33% 11% 
33% 17% 
59% 9% 
60% 18% 
94% 19% 
57% 43% 
71% 40% 
75% 25% 


° Only patients undergoing transurethral resection of the ejaculatory ducts were included in this table 


[12,30-32]). If stenosis of the ducts or a calculus is the 
cause of obstruction, then resection must be carried out 
along the course of the ducts until the site of obstruction 
has been cleared. In both situations, relief of obstruc- 
tion may be confirmed cystoscopically by direct visual- 
ization of efflux of methylene blue from the ducts either 
spontaneously or with gentle pressure on the seminal 
vesicles during a digital rectal examination. The use of 
cautery is minimized so as to avoid devascularization 
and stricturing of the ejaculatory ducts. A transurethral 
catheter is left for 24 hours and semen analysis is per- 
formed six weeks to three months post-resection. 


Success rates of transurethral resection of 


the ejaculatory ducts 

Overall, with TURED, approximately 50-90% of 
patients will experience improvement of semen 
parameters, and 9-43% of men will attain a natural 
pregnancy (Table 23.1) [12,13,33-40]. Several studies 
have tried to identify characteristics of men likely to 
have successful outcomes. Men with congenital causes 
for their obstruction do better with TURED than those 
with acquired causes for obstruction [39,40]. Better 


outcomes have also occurred in men with partial ejacu- 
latory duct obstruction than in those with complete 
ejaculatory duct obstruction [33]. Also men with mid- 
line ejaculatory duct cystsand dilated seminal vesicles 
have been reported to have the greatest improvement 
in semen parameters [33]. Interestingly, some patients 
(13%) may have improvement in semen volume with 
continued azoospermia [34], and a second site of 
obstruction may be a possibility in these men. 


Potential complications of transurethral 


resection of the ejaculatory ducts 

TURED has an overall complication rate of 20% [34]. 
Table 23.2 presents a complete list of potential com- 
plications [34,39,41-43]. Stricturing of the resected 
ejaculatory ducts may represent the most signifi- 
cant complication in regard to fertility, and may 
occur immediately or in a delayed fashion. A small 
fraction of men with partial ejaculatory duct obstruc- 
tion and sperm in the ejaculate preoperatively may be 
rendered azoospermic with TURED [34,39]. Delayed 
stricture rates for this procedure may be significant, as 
demonstrated by Turek et al., who reported that 43% 
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Table 23.2. Potential complications of transurethral 
resection of ejaculatory ducts [34,39,41-43] 


Potential complications of transurethral resection of 
the ejaculatory ducts 


Retrograde ejaculation 

Bladder neck contracture 

Urine reflux into the ejaculatory ducts 

Chronic or recurrent epididymitis 

Delayed stricture of resected ejaculatory ducts 
Postvoid dribbling 

Urinary tract infection 

Hematuria 


Rectal injury 


External sphincter injury and incontinence 


Transient urinary retention 


of patients with long-term follow-up (n = 7) and initial 
improvement in semen analysis exhibited declining 
semen parameters six months or more after surgery 
[34]. Orhan et al. describe a case of successful correc- 
tion of secondary ejaculatory duct obstruction after 
transurethral resection of the ejaculatory ducts with a 
repeat TURED [44]. Reflux of urine into the seminal 
vesicles, likely secondary to resection of the normal 
antireflux mechanism of the ejaculatory ducts, may 
cause postvoid leakage ofurine [34,41]. Also, contamin- 
ation of semen with urine may impair sperm function 
and may explain lower than expected pregnancy rates 
in men with improvement of semen parameters [42]. 
Finally, reflux of urine into the ejaculatory ducts may 
lead to recurrent or chronic epididymitis. 


Alternatives to transurethral resection of 
the ejaculatory ducts 


Several alternatives to TURED exist for treatment of 
ejaculatory duct obstruction. Ejaculatory duct stones, 
which can be identified within an ejaculatory duct ori- 
fice at the time of cystoscopy, may be extracted, with 
resultant resolution of obstruction [45,46]. For patients 
with stenotic ejaculatory ducts, balloon dilation has 
also been described via a retrograde and antegrade 
approach. In retrograde approaches, partial resection 
of the verumontanum is sometimes necessary to allow 
access to the ducts [4]. In antegrade balloon dilation 
of the ejaculatory ducts, access to the ducts is achieved 
via transrectal ultrasound-guided seminal vesicle 
puncture to place the initial wire. This wire can then be 


retrieved through the urethra with a rigid cystoscope 
to allow transurethral placement of the balloon dilator 
[47,48]. Currently, only case reports of balloon dila- 
tion of the ejaculatory ducts have been reported, and 
overall success rates for this procedure are not avail- 
able. Couples who do not desire surgical correction of 
ejaculatory duct obstruction, or who have contributing 
female factors but still desire paternity, may consider 
epididymal or testicular sperm retrieval for use with 
an IVF/ICSI cycle (see Chapters 22 and 29). Couples 
should be reminded that adoption and donor insemin- 
ation are options for all infertile couples to attain 
parenthood. 


Summary 


Ejaculatory duct obstruction is an uncommon but 
potentially correctable cause of male-factor infertility. 
Identification of patients with ejaculatory duct obstruc- 
tion requires a high index of suspicion followed by a 
diagnosis supported by appropriate findings on physi- 
cal examination, hormone studies, semen analysis, and 
transrectal ultrasound. There are multiple findings 
on transrectal ultrasound that support the diagnosis 
of obstruction, including dilated ejaculatory ducts, 
dilated seminal vesicles, ejaculatory duct stones, or pro- 
static cysts. Identification of sperm in aspirated seminal 
vesicle fluid or obstruction on seminal vesiculography 
or vasography can be used to confirm the diagnosis at 
the time of transurethral resection of ejaculatory ducts. 
Treatment of ejaculatory duct obstruction with TURED 
yields improvement of semen parameters in approxi- 
mately 50-80% of patients and pregnancies in approxi- 
mately 10-40% of couples. Complications of TURED 
include bleeding, infection, recurrent epididymitis, 
postvoid dribbling, retrograde ejaculation, and bladder 
neck contracture. Successful treatment may allow men 
who are azoospermic to conceive naturally, and in other 
cases may allow patients to graduate from one assisted 
reproductive technique, such as in-vitro fertilization, to 
less complex and expensive forms of assisted reproduc- 
tion, such as intrauterine insemination [33]. 
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Introduction 


Male-factor infertility is a multi-faceted problem. Its 
treatment can be divided into surgical and nonsurgi- 
cal modalities. This chapter will focus on nonsurgical 
management. Once the etiology has been identified 
and surgical treatment has been ruled out, it is help- 
ful to categorize nonsurgical therapy on the basis of 
the various factors potentially responsible for infertil- 
ity. When the broad categories of male infertility are 
divided into pretesticular, intratesticular, and post- 
testicular, nonsurgical problems usually fall into either 
pretesticular or intratesticular causes, with a minority 
of post-testicular issues. Table 24.1 lists the various pre- 
testicular, intratesticular, and post-testicular causes of 
infertility that are potentially amenable to a nonsurgi- 
cal treatment option. The next part of this chapter will 
discuss targeted nonsurgical therapy for male-factor 
infertility. Many agents, prescription and over the 
counter, have been tried to improve semen parameters. 
One major development in the field of male infertil- 
ity is the explosion of information and sales of fertility 
enhancement agents over the internet. To that end, we 
will briefly discuss some of the therapies patients may 
be exploring through this new medium. 


Medications responsible for 
male-factor infertility 


Many medications have been implicated as potential 
inhibitors of male fertility. A careful history should 
include discussion of prescription drugs, over- 
the-counter medicines, and herbal supplements the 
manis taking. Additionally, a social history is import- 
ant to rule out lifestyle factors such as tobacco, alco- 
hol, and recreational drug use. Many medications 
cause alterations in all categories of male infertility. 
Cimetidine, now an over-the-counter heartburn medi- 
cation, suppresses the hypothalamic-pituitary-gonadal 


Nonsurgical treatment of male 
infertility: specific therapy 


(HPG) axis in a reversible manner [1]. Cimetidine has 
also been linked to a reversible hyperprolactinemia [2]. 
Antihypertensives, as a class, can have myriad deleteri- 
ous effects on male fertility. Calcium channel blockers 
interfere with the acrosome reaction [3]. Discontinuing 
calcium channel blockers can restore fertility in men 
using this type of medication. In the peripubertal 
mouse, calcium channel blockers at high doses cause 
spermatogenic arrest at the elongated spermatid stage 
[4]. Angiotensin-converting enzyme inhibitors do not 
appear to adversely affect fertility or sexual function, 
and therefore offer a good alternative for hypertensive 
subfertile men [5]. Spironolactone, a potassium-sparing 
diuretic, inhibits the HPG axis and blocks binding of 
dihydrotestosterone to its receptor. This inhibits sper- 
matogenesis and reduces libido [5]. A general rule of 
thumb for any male trying to conceive is to limit all 
medications, prescription or over the counter, when 
attempting conception. When it is impossible to dis- 
continue certain medications, such patients should seek 
out alternatives that are not as detrimental to fertility. 


Illicit drugs, alcohol, and tobacco 


Avoiding illicit drugs, drinking alcohol in moderation, 
and abstaining from tobacco products are good recom- 
mendations for any physician to make to a patient. In 
the subfertile male, this advice especially holds true. 
Consumption of marijuana has long been known to 
alter the HPG axis, decrease serum testosterone, and 
cause gynecomastia [6]. A direct spermatotoxic effect 
of marijuana has also been reported. Recent evidence 
demonstrates that human sperm express cannabinoid 
receptors. Stimulating these receptors with marijuana 
derivatives inhibits sperm motility, the acrosome reac- 
tion, and mitochondrial activity [7]. Its in-vivo effects 
are less well documented, but one could surmise that 
marijuana use should be avoided while attempting 
conception. 
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Table 24.1. Pretesticular, intratesticular, and post-testicular causes of infertility that are 


potentially amenable to a nonsurgical treatment option. 


Pretesticular Intratesticular 


Medications Medications 


Systemic infection Genital tract infection 


Hypogonadism Hyperthermia 


Occupational exposures Occupational exposures 


Illicit drug use Radiation therapy 


Alcohol use in the infertile male is a subject of some 
controversy. It is indisputable that alcoholism, with 
its hepatotoxic-induced estrogenic effects including 
gynecomastia, depressed libido, and erectile dysfunc- 
tion, inhibits male fertility. Semen quality of social 
drinkers does not appear to be impaired, however [8]. 
Interestingly, animal studies show increased testicular 
apoptosis in rat germ cells treated with acute ingestion 
of ethanol [9]. It is not known what effect acute alco- 
hol ingestion has on the human testis. However, it may 
be prudent for men with marginal semen quality to 
abstain from alcohol during periods of attempted 
conception if no other causes of subfertility can be 
determined. 

Tobacco use poses a dramatic health risk that 
spans many organ systems. Its effects on infertility are 
less clear, but certainly any effort a physician exerts to 
encourage a man to quit smoking is worthwhile from 
a public health standpoint. One recent study demon- 
strated a dramatic decrease in seminal ascorbic acid 
levels in men who smoked over 20 cigarettes a day. 
Ascorbic acid is a potent antioxidant which is thought 
to protect sperm from oxidative damage. Additionally, 
in this study, high levels of ascorbic acid correlated 
positively with increased sperm concentration and 
percent motile sperm, and negatively with abnormal 
morphology [10]. Earlier studies have also shown 
that cigarette smoking perturbs sperm concentration, 
morphology, and motility [11]. 


Infections 


Genitourinary infections in the male are an uncom- 
mon but potentially treatable source of infertility. 
Chlamydia trachomatis has long been studied as a 
putative disrupter of male fertility. Its exact role in 
male fertility, however, remains controversial. It is by 
far the most prevalent sexually transmitted bacterial 
pathogen worldwide. Up to 50% of men and 70% of 
women are asymptomatically infected with chlamydia. 
Couple this fact with the high prevalence of the disease 


Post-testicular 


edications 
Genital tract infection 


Ejaculatory dysfunction 


Erectile dysfunction 


in men of reproductive age and one can see the motiva- 
tion to investigate chlamydia as a source of unexplained 
infertility. Ithas been demonstrated that the elementary 
body form of chlamydia can enter the human sperm 
head. Once in the sperm, the elementary body trans- 
forms into the reticulate body and invades the nucleus. 
Once in the nucleus, the reticulate body “hijacks” 
the nuclear machinery to replicate. This is where our 
knowledge stops. We still do not understand how or 
if chlamydia impairs sperm function. One theory is 
that chlamydia causes urethritis, which leads to epi- 
didymo-orchitis. Epididymo-orchitis in turn is linked 
to obstructive infertility. Many studies have seen a cor- 
relation between high levels of antichlamydial antibod- 
ies and lower median sperm counts [12]. Chlamydia 
infection has also been shown to cause asthenosper- 
mia. Treatment with azithromycin or minocycline in 
infected men may improve sperm motility [13,14]. 
Does any of this translate to higher pregnancy rates? 
A recent prospective study of subfertile couples in an 
in-vitro fertilization program found no decreased suc- 
cess in the cohort of couples with either past or active 
chlamydial infection [15]. Men with azoospermia 
and cryptozoospermia were excluded without further 
workup from the study. This study also found no dif- 
ference in sperm motility between infected and unin- 
fected men. Prior to in-vitro fertilization (IVF) cycles, 
infected couples were treated with a 14-day course of 
doxycycline. This may explain how the researchers 
found no significant difference between infected and 
uninfected couples. It does not explain why no differ- 
ences in motility were seen, however, as sperm samples 
were obtained from actively infected men. The best 
evidence and common sense suggest that men with 
pyospermia, active urethral symptoms, or otherwise 
unexplained asthenospermia should be evaluated 
and, if necessary, treated for a chlamydial infection. 
The human immunodeficiency virus (HIV) and 
male infertility is becoming an area of increased inter- 
est as the advent of effective antiretroviral agents has 
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dramatically improved life span and quality of life 
among infected individuals. Men with HIV may wish 
to become fathers. Sperm washing has increased 
the safety of conception with an infected male [16]. 
Infected men may have abnormal semen parameters, 
however, that can make conception more difficult. 
Leukocytospermia is almost always seen in men with 
HIV. HIV-positive men also have impaired sperm 
motility [17]. There are no data to confirm that sperm- 
atozoa are directly infected with HIV. The effect on male 
infertility of antiretroviral medications, the mainstay 
of HIV therapy, is not clear. One study noted minimal 
change in semen parameters in men before and after 
institution of HIV therapy. The effect of antiretroviral 
therapy on mitochondria may explain the impaired 
sperm motility seen in many studies. However, as pre- 
viously noted, untreated men also have impaired semen 
motility [18]. Once sperm are harvested and washed, 
both intrauterine insemination (IUI) and intracyto- 
plasmic sperm injection (ICSI) have been employed 
successfully, and there are strong proponents of each 
method. 

Debate has smoldered for decades as to whether 
Ureaplasma urealyticum is pathogenic in urologic 
conditions ranging from infection to infertility. As a 
urethral pathogen, ureaplasma may be nothing more 
than an innocent colonizer. It is difficult to culture only 
ureaplasma without growing many other bacteria. One 
recent study from China found that men infected with 
ureaplasma had lower seminal pH and higher seminal 
viscosity [19]. This study did not look for the presence 
of commensurate bacteria, however. Further, no study 
has looked at fertility rates after treating the infec- 
tion, so the clinical significance of infection remains 
uncertain. 


Targeted therapy 

Where much has been tried in the treatment of male 
infertility, much has failed. This section will review the 
many medical treatments that have been employed, 
and critically analyze what works and what does not. 
Clomiphene citrate has been used since the early 1990s 
to stimulate spermatogenesis in the man with nonob- 
structive azoospermia [20]. Clomiphene stimulates 
secretion of gonadotropin-releasing hormone (GnRH) 
from the hypothalamus, which, in turn, stimulates the 
release of gonadotropins from the anterior pituitary. 
The end result of this hormone cascade is increasing 
levels of intratesticular testosterone. A recent multi- 
center study looked at the effects of clomiphene on 42 


men with nonobstructive azoospermia [21]. The men 
underwent pretreatment biopsy, and 42.9% had matu- 
ration arrest with 57.1% demonstrating hyposperm- 
atogenesis. Every-other-day dosing of 25-75 mg of 
clomiphene was given to titrate to a morning serum 
testosterone concentration between 600 and 800 ng/ 
dL. Treatment continued for 3-9 months, and 64.3% of 
men demonstrated sperm in their ejaculate with amean 
density of 3.8 million/mL. One couple went on to spon- 
taneous pregnancy, while the remainder employed IVF 
or ICSI. The 35.7% of men who remained azoospermic 
underwent testicular biopsy and sperm extraction and 
were successful with ICSI. Clomiphene citrate may 
also be an effective therapy for men with hypogonado- 
tropic hypogonadism (HH). A recent multicenter 
study evaluated 10 men with various etiologies of 
hypogonadotropic hypogonadism, eight of whom were 
azoospermic and two oligospermic [22]. Four of the 10 
men were treated with clomiphene and six with either 
human chorionic gonadotropin (hCG) or a combina- 
tion of hCG and follicle-stimulating hormone (FSH) 
for 3-6 months. Two of the clomiphene-treated men 
and two treated with hCG/FSH initiated pregnancies. 
Although this is a small study, it is encouraging that the 
rare infertile male with HH may benefit from clomi- 
phene, a well-tolerated, relatively inexpensive oral 
medication. 

Kallmann syndrome is a rare subset of HH associ- 
ated with other midline defects including anosmia. The 
syndrome is inherited most commonly in an X-linked 
fashion but can also be transmitted in an autosomal 
dominant or autosomal recessive pattern. The X-linked 
form of Kallmann syndrome is tied to a defect in the 
KALI gene, which codes for a neuronal adhesion mol- 
ecule that guides migration of luteinizing hormone 
(LH)-secreting neurons to the basal hypothalamus. 
Spermatogenesis in men with Kallmann syndrome 
has traditionally and effectively been instituted with 
combination human chorionic gonadotropin/human 
menopausal gonadotropin (hCG and hMG). Therapy 
intended to initiate spermatogenesis begins with 2000 
international units of hCG administered subcutane- 
ously three times per week. If sperm are not present in 
the semen after six months of treatment, FSH therapy 
is started in the form of hMG, at 75 units subcutane- 
ously three times weekly [23]. In a recent 30-year ret- 
rospective study in Japan, most patients achieved peak 
serum testosterone levels within 24 months using a 
dosing regimen of 3000 international units of hCG and 
75 international units of hMG intramuscularly twice 
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weekly for 12-48 months [24]. In this same study, which 
included both men with Kallmann’s and men with other 
HH etiologies, sperm production was directly corre- 
lated with post-treatment testicular volume. Since men 
with Kallmann syndrome typically have small testicles 
secondary to the complete lack of endogenous pulsatile 
GnRH release, less than 36% of these men responded 
to therapy. GnRH infusion pumps have been employed 
in men with Kallmann syndrome with some degree of 
success. Pulsatile infusion-pump therapy consists of a 
portable pump with a reservoir filled with GnRH. A 
subcutaneous needle is inserted into the abdominal 
wall and GnRH is secreted in doses of 5-20 ug every 
two hours. The needle is changed every two days [25]. 
This therapy continues for four months or longer before 
sperm are seen in the ejaculate. Because of the cumber- 
some nature of this therapy, it generally is reserved for 
men who do not respond to gonadotropin therapy. 
Another endocrine disorder, hyperprolactinemia, 
is also responsible for male infertility. Prolactin inhibits 
LH action on Leydig cells. Prolactin receptors are also 
present in the first layer of the seminiferous epithelium. 
This suggests prolactin also has a more direct effect on 
spermatogenesis, but it is not clear what that effect may 
be [26]. The first responsibility to a man presenting with 
hyperprolactinemia is to rule out more ominous causes 
of elevated hormone levels. Although the incidence 
of a prolactin-secreting pituitary adenoma is low, it 
is the most common functional pituitary tumor. In 
people between 20 and 50 years of age, prolactinoma 
is 10 times more common in women, but men more 
frequently present with mass effect symptoms such as 
headaches or ocular field defects suggestive of macro- 
prolactinoma [27]. The initial workup ofa man with an 
elevated serum prolactin level should include a care- 
ful history and review of systems, including questions 
about headaches, visual disturbances, galactorrhea, loss 
of libido, and erectile dysfunction. A baseline serum 
testosterone should also be drawn to monitor response 
to future therapy. Hyperprolactinemia usually causes 
hypogonadism, and treatment of the prolactinoma 
usually reverses the hypogonadism. Roughly one- 
third of men with hyperprolactinemia have a macro- 
prolactinoma as evinced by mass effect symptoms [27]. 
Magnetic resonance imaging (MRI) of the brain, there- 
fore, is warranted to determine the presence and size of 
the tumor. Usually, a macroadenoma is greater than 
1 cm in greatest dimension and has a concomitant 
serum prolactin level greater than 200 ug/L. A micro- 
prolactinoma is less than 1 cm in greatest dimension on 


MRI, and is typically associated with a serum prolactin 
level of 50 ug/L [28]. Treatment of prolactinomas usu- 
ally depends on size. Patients with hyperprolactinemia 
and normal imaging studies, and those with microad- 
enomas, can be treated with dopaminergic agonists 
such as bromocriptine or cabergoline. Cabergoline 
has stood up in multiple randomized prospective and 
retrospective trials as superior to bromocriptine with 
a more benign side-effect profile [27]. For micropro- 
lactinomas, cabergoline is dosed at 0.5 mg orally once 
weekly and titrated up to 0.5 mg orally twice weekly 
after the first week. Every six months, serum prolactin 
and testosterone levels should be drawn, and escalation 
of dosage up to 1 mg twice weekly can be made to keep 
serum prolactin levels under 15 ug/L [28]. Repeat MRI 
is sometimes performed. However, one can infer from 
symptom improvement and normalization of serum 
prolactin and testosterone that the tumor has shrunk. 

Macroadenomas have warranted a referral to a 
neurosurgeon for transphenoidal or, more recently, 
endoscopic removal. However, recent studies suggest 
that even macroadenomas often can be successfully 
treated with dopaminergic agonists. A small study of 
12 men with macroadenomas over 4 cm in size showed 
normalization of prolactin levels in 10 men after long- 
term (up to 84 months) cabergoline therapy [29]. Nine 
of the 12 men had visual field defects prior to treat- 
ment. After treatment, eight of the nine had either nor- 
mal visual fields or improved visual fields. Eight of the 
12 men had normalization of their serum testosterone 
after concluding treatment. 

In addition to normalizing serum testosterone lev- 
els and improving erectile function and libido, medi- 
cal therapy for prolactinomas can also improve semen 
analysis profiles. In one study, statistically significant 
improvements in sperm count were seen in hyperpro- 
lactinemic men treated with a six-month course of 
cabergoline [30]. 

L-carnitine has long been studied as a potential 
profertility agent. Several unproven mechanisms have 
been proposed for the efficacy of L-carnitine and its 
derivative, L-acetylcarnitine. First, it shuttles long- 
chain fatty acids into the mitochondria for intracellu- 
lar energy production. It also binds acetyl groups for 
future energy production. There are also some data to 
support its role as an antioxidant. Men with idiopathic 
infertility have been shown to have low levels of semi- 
nal carnitine [31]. This observation led to the hypoth- 
esis that supplementing L-carnitine could result in 
improved fertility. A number of uncontrolled studies 
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have demonstrated reasonable results and, with few to 
noside effects, L-carnitine hasbecomea popular supple- 
ment during the past 10 years [32]. Increased scrutiny 
has fallen upon the early promising results, however. 
Two randomized controlled trials have been published 
over the past two years. An Italian study showed a 
modest improvement in sperm kinetics in men with 
idiopathic asthenospermia treated with L-carnitine 
and L-acetylcarnitine [33]. The study enrolled 60 men 
aged 20-40 who had sperm concentrations greater 
than 20 million/mL with motility less than 50% and 
normal morphology, 45 of them randomized to the 
treatment arm and 15 to the placebo. After six months 
of daily therapy, men in the combined L-carnitine and 
L-acetylcarnitine group had a 34.46% improvement of 
sperm total motility with standard deviations of 26.2%. 
The placebo group saw a 0.52% improvement with 
standard deviation of 17.43%. There were 12 sponta- 
neous pregnancies during the nine-month observation 
period. Three of these pregnancies were achieved by 
men in the placebo arm. An American study did not 
demonstrate similarly positive results, however [34]. In 
a randomized, double-blind, placebo-controlled trial 
enrolling 21 men, 12 in the treatment arm, 9 in the con- 
trol arm, L-carnitine was given for 24 weeks to infer- 
tile men between the ages of 18 to 65. The sperm count 
inclusion criterion was lower in this study, at greater 
than 5 million/mL. At 24 weeks, there was no statis- 
tically significant improvement in motility between 
study arms. There was one spontaneous pregnancy 
in the placebo arm and one assisted pregnancy in the 
treatment arm. Neither study described any significant 
side effects. With conflicting data, it is difficult to draw 
any meaningful conclusions. Commercially available 
preparations of L-carnitine and L-acetylcarnitine cost 
approximately $100 United States dollars per month. 
At treatment times of up to six months, this may pose a 
financial burden on infertile couples. 

In addition to L-carnitine, many other supplements 
have been investigated as fertility aids. Zinc and folic 
acid supplementation appears to improve sperm con- 
centrations in a subgroup of infertile men. A Dutch 
study randomized subfertile men (sperm concentra- 
tion 5-20 million/mL) to a placebo arm, a daily zinc 
supplement arm (66 mg/day), a daily folic acid supple- 
ment arm (5 mg/day), and a combination arm of zinc 
and folic acid [35]. Median sperm concentrations in 
the pretreatment arm were 7.0 million/mL, and post- 
treatment they rose to 8.0 million/mL. Fertile men in 
this study also saw an increase in sperm concentrations 


from 65.5 million/mL to 77.5 million/mL with a P-value 
< 0.01. The study did not follow the subfertile men to 
assess pregnancy rates, so these data remain intriguing 
but not necessarily clinically useful. 


Environmental factors 


Men are products of their environment. What men eat, 
where they live and work, and how they spend their lei- 
sure time can all influence the quality of their sperm. A 
careful patient history and counseling a patient to avoid 
harmful environmental exposures may be important 
to improve fertility outcomes. 

Xenobiotics, compounds that are not naturally 
found in a biologic system, adversely affect semen in 
multitudinous ways. The chemical industry has intro- 
duced hundreds of xenobiotics to humans over the 
last half-century. Pesticides such as 1,2-dibromo-3- 
chloropropane (DBCP) interfere with sperm produc- 
tion and maturation in humans [36]. Men working 
in the agricultural industry, therefore, may be at risk 
for problems related to spermatogenesis. Additional 
organochlorine pesticides such as 1,1,1-trichloro-2,2- 
bis(p-chlorophenyl) ethane (DDT) all inhibit sperm- 
atogenesis. Although DDT has been banned in the 
United States for nearly 40 years, it is still used in 
developing nations and will be entrenched in the soil 
for decades due to its long half-life. The degradation 
product of DDT, dichlorodiphenyldichloroethylene 
(p,p’-DDE), binds to the estrogen receptor and also 
blocks androgen receptors. Few studies have looked at 
risks of human exposure to DDE. One Belgian study 
found decreased sperm concentration, motility, and 
morphology in subfertile men whose mothers had syn- 
chronously high serum concentrations of DDE [37]. 
This group was controlled for serum DDE concentra- 
tions in the affected males, smoking status, and alcohol 
consumption. It is unclear whether high maternal con- 
centrations of DDE 25 years after conception correlates 
to maternal DDE levels at time of conception, but it 
raises more questions regarding the fragility of sperm- 
atogenesis and male reproductive development to xeno- 
biotics. Methoxychlor, the pesticide that has replaced 
DDT in the United States, also exhibits antiandrogen 
effects and increases spermatogenic cell apoptosis in 
exposed mice. Vinclozolin, a fungicide used heavily 
in the wine industry, is another endocrine disruptor 
that affects both estrogenic and androgenic pathways. 
It is also known to impose transgenerational damage 
through the germline. In one particularly interesting 
study, male mice exposed to vinclozolin were bred 
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to nonexposed females and the male offspring were 
examined for testicular development and semen anal- 
yses [38]. The offspring in the subsequent two unex- 
posed generations had decreases in sperm motility and 
concentration similar to those in the father. 

What is the clinical relevance of these xenobiot- 
ics? Many studies have looked at the global decrease 
in sperm concentration, and increasing incidence of 
testicular cancer and hypospadias, but no smoking 
gun has been discovered. A study by Swan investi- 
gated semen quality at four prenatal clinics in cities 
across the United States [39]. Men from the urban 
centers, Los Angeles, Minneapolis, and New York 
City, all showed higher sperm concentrations than 
men from the agricultural area of Columbia, Missouri. 
Multivariate analyses controlled for abstinence time, 
age, race, and history of smoking, fever, and sexually 
transmitted disease. A panel of pesticides was inves- 
tigated in participants’ serum, and all showed higher 
concentrations in the men from Missouri. Again, no 
firm conclusion can be reached that pesticides cause 
alterations in sperm concentration and function, 
but it seems prudent to advise subfertile patients to 
avoid these exposures. 

Electromagnetic fields such as those created by 
cellular telephones have also been studied as causa- 
tive factors in male infertility. Although it is difficult 
to control for all exposures, one can find some corre- 
lations between semen parameters and electromag- 
netic fields. Agarwal et al., from the Cleveland Clinic, 
recently reported at a national reproductive medicine 
meeting that men who use a cellular telephone had a 
linear decline in sperm count, motility, viability, and 
morphology with increasing usage [40]. 


What’s on the internet? 


The internet has become an important part of life for 
most Americans. Many infertile couples seek informa- 
tion and support from thousands of different websites 
including academic, commercial, and personal sites. 
It is therefore important for the clinician to be famil- 
iar with what couples may be reading online. There are 
multiple nonprescription therapies for enhancing male 
fertility being advertised on the internet. Most of the 
formulations contain proprietary amounts of L-carni- 
tine, zinc, selenium, and various vitamins. As discussed 
in a previous section, the efficacy of these supplements 
is not proven. To that end, the biggest concern about 
web-based infertility information and therapies is the 
inability of the consumer to judge veracity. A recent 


study by Zahalsky et al. highlights this situation [41]. 
The researchers typed “male infertility” into five popu- 
lar internet search engines and categorized the first 20 
resultant websites. Nearly 70% of the websites were 
owned by either healthcare professionals or industry. 
Advertisement was the primary objective of over 70% 
of these sites. Close to 95% of the sites were targeted to 
people with no healthcare background. The research- 
ers then applied credibility criteria established by both 
the American Medical Association and a nonprofit 
organization, Health On the Net Foundation. A score 
of 6 is the highest achievable, and a score of less than 3 
indicates a poorly credible site. Only 41.1% of all sites 
surveyed achieved a score of 4 or higher [41]. Patients 
will continue to access the internet; whether the infor- 
mation they glean is accurate or useful is quite variable. 
There currently are no regulations governing content 
on healthcare websites. It is therefore incumbent upon 
physicians to be aware of the resources available to their 
patients, so they can serve as advocates in this process. 
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Introduction 


In medicine, “empiric therapy” is a treatment initiated 
prior to the determination of a firm diagnosis. Empiric 
therapy is typically viewed as nonspecific intervention 
and is often based upon clinical concept and theory 
without proven efficacy. The term “empiric” is derived 
from the Greek word empeirikos, which means relying 
on experience only. Such empiric medical therapy is 
commonly used not only in the treatment of patients 
with idiopathic male infertility but also inappropri- 
ately in patients who have an uncorrectable cause of 
their infertility, because the clinician is not aware that 
the infertility is not reversible, or is at a loss as to what 
to do in patients who have failed other treatments. 

When a diagnostic evaluation reveals no specific 
abnormalities to explain a man’s infertility, he is said 
to have idiopathic infertility. Patients with idiopathic 
infertility not only are frustrated by having no expla- 
nation for their problem, but also are surprised by the 
scarcity of effective medical treatments to improve 
upon the production and quality of their sperm. The 
incidence of idiopathic infertility reported in the 
published retrospective reviews from male infertility 
clinics has ranged from 5% to 66%, with an average 
of 25% [1,2]. Idiopathic infertility, therefore, is often 
the “diagnosis” given to a large number of men seeking 
evaluation and treatment. Empiric therapy is the only 
available form of therapy for these patients. 

Patients who have a known but untreatable cause of 
infertility, or patients who fail to respond adequately to 
specific treatments, are also candidates for such non- 
specific intervention. Many of the identifiable causes 
of infertility, including cryptorchidism, testicular tor- 
sion, and testicular failure, are not correctable with spe- 
cific treatments now available. In addition, not all men 
improve after the application of specific treatments. 
All of these men are candidates for empiric forms of 
therapy. Therefore, empiric therapy might be offered 
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to any infertile man for whom a specific treatment is 
unavailable or in whom a specific treatment has failed. 
Empiric medical therapy is not a specific medical 
therapy to treat endocrinopathies such as hypogo- 
nadotropic hypogonadism, congenital adrenal hyper- 
plasia, hyperprolactinemia, or thyroid dysfunctions. 

A number of different medications have been pro- 
posed as empiric therapies for men with infertility. 
It is difficult, however, to assess the efficacy of these 
treatments, for a variety of reasons. Sperm quality 
and count can naturally, but dramatically, vary in the 
infertile male population. This group of patients is very 
heterogeneous in terms of etiology and baseline fertil- 
ity status. Therefore, response to treatment may vary 
widely, depending on a variety of factors including 
patient selection, cause of infertility, and fertility status 
of the spouse. 

Many male patients who are labeled as “subfertile” 
may actually be fertile if they are allowed more time 
to conceive or if problems in the spouse are resolved. 
In addition, spontaneous pregnancy rates, independ- 
ent of any treatment, have been reported to be as high 
as 60% in couples with suspected male-factor infertil- 
ity [3]. The inability to predict the spontaneous fertil- 
ity potential of a patient population with any degree of 
accuracy makes it extremely important that treatments 
for infertility be evaluated by prospective, randomized, 
placebo-controlled clinical trials. 

A lack of standardization in patient selection cri- 
teria, the extent of partner evaluation and treatment, 
the dosing regimen, treatment period, and the length 
of follow-up are just some of the other difficulties that 
exist in assessing the efficacy of empiric medical thera- 
pies. In addition, semen analysis results may vary sig- 
nificantly in an individual patient over time, and the 
definition of “therapeutic success” has varied from 
mere improvements in seminal parameters to preg- 
nancy rates [4]. Since it is extremely difficult to satisfy 
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all of these criteria in the performance ofa prospective, 
double-blinded, crossover, placebo-controlled, rand- 
omized study, most of the published studies represent a 
less than ideal assessment of empiric therapies. 

This chapter will review the empiric therapies avail- 
able today and discuss their mode of action, review 
published literature on outcomes available, and discuss 
the evidence for use and dosing recommendations. 
Tables throughout this chapter are limited to the results 
of controlled studies reported in the English-language 
literature. 

With the exception of low-dose vitamin supple- 
mentation and aromatase inhibitors, empiric ther- 
apy is seldom recommended in the treatment of the 
infertile male. Instead, specific assisted reproductive 
techniques that have a measurable benefit are typ- 
ically suggested to the couple with idiopathic male 
infertility. 


Antiestrogen therapy 

The hypothalamus is the site of production for the 
peptide hormone gonadotropin-releasing hormone 
(GnRH), which is secreted in a carefully timed pulsa- 
tile release. GnRH stimulates the synthesis and release 
of the gonadotropic hormones, luteinizing hormone 
(LH) and follicle-stimulating hormone (FSH), in the 
anterior pituitary. LH then stimulates the Leydig cells of 
the testes to produce testosterone. The current under- 
standing of this hypothalamic-pituitary-gonadal 
(HPG) axis reveals an absolute dependence of sperm- 
atogenesis on normal serum testosterone levels. FSH 
is required for both the initiation of spermatogenesis 
and the maintenance of normal sperm production [5]. 
Most empiric hormonal therapies are based upon the 
theory that increasing the amount of circulating tes- 
tosterone and/or FSH will improve testicular func- 
tion, specifically spermatogenesis. 

The intact HPG axis also depends on normal levels 
of circulating steroids (androgens and estrogens) for 
feedback inhibition of both hypothalamic and pituit- 
ary stimulation of the testis [6]. This negative feedback 
effect of androgens mostly occurs after their conver- 
sion to estrogens by aromatization either peripherally 
or at the target organ (hypothalamus or pituitary). 
Therefore, antiestrogens and aromatase enzyme-in- 
hibiting compounds canbe used to block this negative 
feedback effect of steroids on the HPG axis without 
decreasing the effect of circulating androgens. 

With prevention of the important negative feed- 
back of estrogens to the pituitary and hypothalamus, 


LH and FSH release and GnRH stimulation are aug- 
mented. Since FSH is extremely important for the 
initiation and maintenance of spermatogenesis, an 
increase in FSH release may also further improve 
sperm production. This results in the stimulation of 
the testis by both LH and FSH, released by the pitui- 
tary gland in response to an increase in hypothalamic 
secretion of GnRH. 

Clomiphene citrate and tamoxifen citrate are estro- 
gen receptor blockers that have been used as empiric 
treatments for the idiopathic oligospermic male. 
Acting as competitive inhibitors of estrogen by reversi- 
bly binding to estrogen receptors, both can exert a mild 
estrogenic effect. The effects of the antiandrogens on 
the fertility of men with idiopathic subfertility are 
not impressive. It is important to note, as discussed 
later, that although an improvement in sperm con- 
centration may sometimes occur, there is little or no 
demonstrated effect on sperm motility or pregnancy 
rates. Also important is that a large number of patients 
may have an impressive decline in sperm production 
while being treated by antiandrogens. Patients should 
be counseled about these potential risks and benefits 
prior to the initiation of treatment. 


Clomiphene citrate 


Clomiphene citrate is an analog of the nonsteroidal 
estrogen chlorotrianisene (TACE), and contains both 
a cis and a trans isomer [7]. The trans isomer has a pre- 
dominant antiestrogenic effect, but a mild intrinsic 
estrogenic effect as well; the cis isomer is thought to 
have less estrogenic activity. Initially tested as a con- 
traceptive agent, clomiphene citrate demonstrated a 
gonadotropin-inhibiting effect in early animal studies. 
However, when subsequent human studies showed that 
clomiphene citrate increased serum gonadotropins, it 
was tested as and continues to be used asa fertility drug 
in women. 

Mellinger and Thompson first reported the study 
of clomiphene citrate in subfertile men in a 1966 study 
that yielded disappointing results [8]. Heller et al. then 
reported the effects of various dosages of clomiphene 
citrate on “normal” male volunteers [9]. All dosages 
tested increased both serum gonadotropins and tes- 
tosterone. A dose of 400 mg/day had a deleterious 
effect and reduced the sperm count, whereas 50 mg/ 
day resulted in an increased sperm count. Subsequent 
studies had conflicting results, however, and it was not 
until the 1977 report by Paulson et al. of a 40% preg- 
nancy rate in a group of 32 subfertile men treated with 
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25 mg/day that clomiphene citrate became a popular 
drug for male infertility therapy [10]. 

More than 30 studies on the effect of clomiphene 
citrate on male reproductive function have been pub- 
lished in the English-language literature since 1964, 
although recent data are scarce. There have not been 
any prospective randomized controlled studies since 
1992. Approximately two-thirds of these studies dem- 
onstrate a favorable response in seminal variables and/ 
or fertility. However, of the nine studies that were con- 
trolled, only three demonstrated a favorable response 
(Table 25.1) [11-19]. Unfortunately, these eight studies 
used a variety of doses, dosing regimens, and treatment 
durations. In addition, there was great variation in the 
definition of oligospermia used by the investigators (20 
million sperm/mL to 40 million sperm/mL), baseline 
gonadotropin levels in the patients studied, and the 
extent of evaluation of the spouse. 

The only consistent finding ina study of clomiphene 
citrate was an increase in serum FSH, LH, and testos- 
terone in all men treated with this drug [27]. Although 
improvement in sperm count was observed in up to 
70% of men treated, and pregnancy rates ranged from 
0% to 40%, these results have not been proven durable, 
and there is great variation in both study design and 
outcomes. Patients with normal baseline gonadotropin 
levels, without azoospermia, and no evidence of scar- 
ring on testicular biopsy, appear to be the most likely to 
respond positively to clomiphene citrate [28]. Because 
an occasional patient will demonstrate worsening of 
sperm counts while receiving treatment, it is import- 
ant to follow the semen parameters and serum 
hormonal values on a monthly basis. A reasonable 
starting dose is 25 mg/day. Some men appear to be 
exquisitely sensitive to clomiphene citrate, whereas 
others may require higher doses before an appropriate 
hormonal response is obtained. Follow-up evaluation 
of patients receiving clomiphene citrate should include 
endocrine studies (testosterone and FSH), blood pres- 
sure monitoring, and semen analysis. The dosage 
should be adjusted in an effort to maximize serum FSH 
levels without increasing serum testosterone levels sig- 
nificantly above normal. 

Paulson compared clomiphene citrate with corti- 
soneacetatein 40 men and founda significant difference 
in response rates [12]. However, it is not clear whether 
this finding means that clomiphene citrate was benefi- 
cial or that cortisone had a deleterious effect. A study by 
Wang et al. showed a clear benefit of clomiphene citrate 
over placebo at a dose of 25 mg/day [15]. Check et al. 


assessed the effects of clomiphene citrate in a group 
of male partners of couples with unexplained infertil- 
ity [18]. In a controlled study of 100 men with normal 
semen parameters, they observed a significantly higher 
pregnancy rate in the group receiving clomiphene cit- 
rate 25 mg/day than in those receiving vitamin C, 58% 
versus 16%, respectively. However, the same group 
observed a significant deterioration in sperm mor- 
phology using strict criteria in a group of men with 
idiopathic oligospermia receiving clomiphene citrate 
25 mg/day in a subsequent nonrandomized controlled 
study [29]. The remaining six studies demonstrated no 
significant difference between clomiphene citrate and 
placebo or vitamin C [11,13,14,16,17,19]. It is interest- 
ing to note the extreme variation of 0% to 44% in preg- 
nancy rate among the different placebo groups. This 
may reflect differences in patient selection, fertility of 
the spouse, or duration of follow-up. 

Hussein et al. conducted a multi-institutional study 
of 42 patients with nonobstructive azoospermia [30]. 
Initial testicular biopsy demonstrated maturation 
arrest in 42.9% and hypospermatogenesis in 57.1% of 
patients. Clomiphene citrate was administered, with 
the dose titrated to achieve serum testosterone levels 
between 600 and 800 ng/dL, and semen analyses were 
performed at periodic intervals. In patients remain- 
ing azoospermic on semen analysis, surgical testicular 
biopsy and sperm extraction were performed. After 
clomiphene citrate therapy, 64.3% of the patients dem- 
onstrated sperm in their semen analyses ranging from 
1 to 16 million sperm/mL, with a mean sperm density 
of 3.8 million/mL. Sufficient sperm for intracytoplas- 
mic sperm injection (ICSI) were retrieved by testicu- 
lar sperm extraction in all patients, even though 35.7% 
remained azoospermic. This study suggested consid- 
ering a course of clomiphene citrate prior to surgi- 
cal sperm retrieval in patients with nonobstructive 
azoospermia. 

The standard preparation of clomiphene citrate has 
intrinsic estrogenic effects despite a predominant anti- 
estrogenic effect. Cisclomiphene, a relatively pure anti- 
estrogen, has been tested with varying results. The only 
controlled study of cisclomiphene, by Wieland et al., 
did not demonstrate an effect significantly greater than 
that of placebo in 22 men with idiopathic oligospermia 
(Table 25.1) [20]. 

Thesideeffectsofclomiphene citrateare usually self- 
limited and may include visual disturbances, weight 
gain, and increased blood pressure. Gynecomastia after 
drug withdrawal has also been reported but is rare [31]. 
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Table 25.1. Results of controlled studies of empiric medical therapy using cisclomiphene citrate, clomiphene citrate, tamoxifen citrate, 


and testolactone 


Reference 


Clomiphene citrate 


Foss etal., 1973 [11] 


Paulson, 1979 [12] 


Rönnberg, 1980 [13] 


Abel etal., 1982 [14] 


Wang etal., 1983 [15] 


Micic & Dotlic, 1985 
[16] 
Sokol etal., 1988 [17] 


Check etal., 1989 [18] 


WHO, 1992 [19] 


Cisclomiphene citrate 


Wieland etal., 1972 
[20] 


Tamoxifen citrate 


Willis etal., 1977 [21] 


Török, 1985 [22] 


AinMelk etal., 1987 
[23] 


Krause etal., [24] 


Testolactone 


Clark & Sherins, 1983 
[25] 


Clark & Sherins, 1989 
[26] 


Anastrozole 


Schlegel & Raman, 
2002 [53] 


Dosage 


100 mg x 10 d/mo 
Placebo 


25 mg x 25 d/mo 
Cortisone 10 mg/d 


50 mg/d 
Placebo 


50 mg x 25 d/mo 
Vitamin C 200 mg/d 


25 mg/d 
50 mg/d 


25 mg/d 
Placebo 


5 mg/d 10 mg/d 
Placebo 


U 
o] 
a 
D 


DO 


U 
o% 
ry 
oO 


DO 


1 mg/d testolactone 
100-200 mg/day 


Duration of 
treatment 
(months) 


w w Ov OV Ww w N O 


œo CO œ œ 


NR, not reported; Rx, treatment; WHO, World Health Organization. 


a Conclusion of authors as to whether drug therapy was more effective than placebo. 


No. of 
patients 


114 
114 


Rate of 
seminal 
improvement 
(%) 


NR 


DD V D D D 


D D D D D D 


D D D D 


Pregnancy 
rate (%) 


Results ° 


egative 


Positive 


egative 


egative 


Positive 


egative 


egative 


Positive 


egative 


Negative 


Negative 


egative 


egative 


egative 


egative 


egative 


egative 


Positive 
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One study has suggested an association between clomi- 
phene citrate therapy and testicular germ cell tumors 
[32], and another case report described a pulmonary 
embolism in a patient during clomiphene citrate ther- 
apy for infertility [33]. 

The overwhelming evidence suggests that clomi- 
phene citrate is not an effective treatment for idio- 
pathic infertility. Recent studies suggest that men 
with either partial androgen insensitivity or mild 
hypogonadotropic hypogonadism may be the best 
candidates for this treatment [34]. Patients should be 
counseled about the possible negative effects of treat- 
ment and be monitored with frequent testosterone and 
estradiol levels. Since a significant number of patients 
may in fact have a dramatic decline in sperm produc- 
tion on empiric therapy, patients should be counseled 
prior to the initiation of therapy. However, because 
some patients have responded favorably, there may 
be a subgroup of men in whom its use is appropriate, 
as recently documented by Hussein et al. [30]. Doses 
should be only 12.5-25 mg/day initially to avoid an 
excessive increase in serum testosterone. 


Tamoxifen citrate 


Another antiestrogen agent is tamoxifen citrate, which is 
commonly used in the treatment of women with meta- 
static carcinoma of the breast to prevent recurrence after 
surgery or radiation treatment, and as prophylaxis for 
patients at very high risk to develop breast cancer. It is 
thought to have less estrogenic activity than clomiphene 
citrate. Comhaire, in 1976, was the first to study this 
drug as a treatment for male infertility [35]. He reported 
a 20% pregnancy rate after treating men with idiopathic 
oligospermia for 6-11 months with 20 mg/day. 

Between 1976 and 1993, 12 additional uncontrolled 
studies [36-47] and four controlled studies [21-24] onthe 
effect of tamoxifen citrate were reported in the English- 
language literature. The majority of the uncontrolled 
studies showed an increase in sperm count, but very 
few demonstrated a change in motility or morphology. 
Pregnancy rates ranged from 17% to 40%. Dony et al. 
found equivalent hormonal and seminal variable effects 
when using either low-dose (5 to 10 mg/day) or high-dose 
(20 mg/day) tamoxifen therapy [40]. As with clomiphene 
citrate, patients with normal baseline gonadotropins are 
more likely to have a positive response, and patients with 
azoospermia rarely respond. In a study by Schieferstein 
et al. half of 210 men treated with tamoxifen demon- 
strated an objective increase in testicular volume based 
on ultrasonographic measurement [43]. 


None of the controlled studies investigating 
tamoxifen therapy has shown it to have any signifi- 
cant effect on pregnancy rate (Table 25.1) [21-24]. 
Interestingly, Török simultaneously conducted an 
open-label study on 20 patients in conjunction with his 
placebo-controlled study [22]. The open-label study 
demonstrated what appeared to be significant increases 
in total sperm counts and pregnancy rates. However, 
the double-blinded, placebo-controlled study did not 
confirm this finding. 

Schill and Schillinger identified a subgroup of men 
who were thought to be the most likely candidates to 
have a positive response to tamoxifen citrate based on 
a one-week stimulation test [45]. Those who had no 
rise in FSH after receiving 40 mg/day of tamoxifen for 
one week tended to have a greater than 50% increase in 
sperm count. 

Other recent work examining the combination of 
tamoxifen and testosterone undecanoate suggested 
improvement in semen and pregnancy rates when used 
to treat idiopathic oligospermia [48]. 

As is the case with clomiphene citrate, however, 
controlled studies of tamoxifen citrate do not demon- 
strate any efficacy, although further study may indeed 
reveal a subgroup of patients responsive to treatment. 


Aromatase inhibitors 

Aromatase inhibitors block the conversion of testoster- 
one to estrogen. Leydig cells within the testis co-secrete 
testosterone and estradiol in response to gonadotropin 
secretion [49], but the major source of circulating estra- 
diol in men is from peripheral conversion of androgens 
to estrogens by the aromatase enzyme in adipose tissue 
[50]. Despite the multiple sources of estradiol produc- 
tion, testosterone concentrations in the serum of an 
adult man are normally more than 100-fold higher than 
estradiol. As stated earlier, aromatization of androgens 
toestrogens within the hypothalamus appears to benec- 
essary for steroidal inhibition of hypothalamic GnRH 
secretion. Testolactone lowers serum estradiol levels in 
men through the inhibition of the aromatase enzyme 
and does not have any intrinsic androgenic or estro- 
genic activity. Like tamoxifen, testolactone was origi- 
nally used in the treatment of women with metastatic 
breast carcinoma. Testolactone has been found to bea 
safe and well-tolerated medication, and subsequently 
has been tested in men with idiopathic oligospermia. 
Testolactone theoretically can improve testicular func- 
tion in two ways. Estradiol concentrations within 
peripheral serum and in the testis may be reduced by 
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inhibition of estradiol production in adipose tissue and 
of the Leydig cells (potentially the Sertoli cells as well), 
respectively. In addition, testolactone, analogous to 
clomiphene citrate, stimulates gonadotropin secretion 
by the pituitary gland by blocking feedback inhibition. 

In an uncontrolled study, Vigersky and Glass stud- 
ied the effects of testolactone (1 g/day) in 10 oligosper- 
mic men [51]. They observed an increase in serum 
testosterone, a decrease in serum estradiol, and a dra- 
matic rise in the androgen-to-estrogen ratio; gonado- 
tropin secretion, whether basal or GnRH-stimulated, 
was unaffected. Eighty percent of men treated had an 
increase in sperm count, and 30% initiated a preg- 
nancy. There was no change in sperm motility. 

Clark and Sherins performed two randomized, 
double-blinded, crossover studies of testolactone (2 g/ 
day) and did not observe a significant effect on fertil- 
ity of testolactone over placebo (Table 25.1) [25,26]. 
However, the patients used in their study had very 
severe oligospermia, and the patients did not have any 
change in their hormone levels, suggesting there may 
have been a problem with the preparation used. As 
with the other drugs mentioned thus far, further stud- 
ies are needed before the value of testolactone in the 
treatment of infertile men is determined. However, this 
drug may be considered in the management of obese 
patients with idiopathic infertility and high normal or 
elevated estradiol levels [52]. 

Schlegel and Raman examined the effect of anas- 
trozole, a more selective aromatase inhibitor on the 
hormonal and semen parameters of infertile men with 
abnormal baseline testosterone-to-estradiol ratios 
[53]. One hundred forty subfertile men with abnormal 
testosterone-to-estradiol ratios were treated with 100- 
200 mg testolactone daily or 1 mg anastrozole daily. 
Men treated with testolactone had an increase in testos- 
terone-to-estradiol ratios during therapy. This change 
was confirmed in subgroups of men with Klinefelter 
syndrome, a history of varicocele repair, and those 
with varicocele. A total of 12 oligospermic men had 
semen analysis before and during testolactone treat- 
ment, with an increase in sperm concentration (5.5 
vs. 11.2 million sperm/mL, P < 0.01), motility (14.7% 
vs. 21.0%, P < 0.05), morphology (6.5% vs. 12.8%, P 
= 0.05), and motility index (606.3 vs. 1685.2 million 
motile sperm/ejaculate, respectively, P < 0.05). During 
anastrozole treatment, similar changes in the testoster- 
one-to-estradiol ratios were seen (7.2 + 0.3 vs. 18.1 + 
1.0, respectively, P < 0.001). This improvement of hor- 
monal parameters was noted for all subgroups except 


those patients with Klinefelter syndrome. A total of 
25 oligospermic men with semen analysis before and 
during anastrozole treatment had an increase in semen 
volume (2.9 vs. 3.5 mL, P < 0.05), sperm concentra- 
tion (5.5 vs. 15.6 million sperm/mL, P < 0.001) and 
motility index (832.8 vs. 2930.8 million motile sperm/ 
ejaculate, respectively, P < 0.005). These changes were 
similar to those observed in men treated with testo- 
lactone. No significant difference in serum testosterone 
levels during treatment with testolactone and anastro- 
zole was observed. However, the anastrozole treatment 
group did have a statistically better improvement of 
serum estradiol concentration and testosterone-to- 
estradiol ratios (P < 0.001). Schlegel and Raman con- 
cluded that men who are infertile with a low serum 
testosterone-to-estradiol ratio can be treated with an 
aromatase inhibitor. With treatment, an increase in 
testosterone-to-estradiol ratio occurred in associa- 
tion with increased semen parameters. Anastrozole 
and testolactone have similar effects on hormonal pro- 
files and semen analysis. Anastrozole appears to be at 
least as effective as testolactone for treating men with 
abnormal testosterone-to-estradiol ratios, except for 
the subset with Klinefelter syndrome, who appeared to 
be more effectively treated with testolactone. 


Gonadotropins 


Exogenous gonadotropins, most commonly given 
as human chorionic gonadotropin (hCG) or human 
menopausal gonadotropin (hMG), and the newer 
recombinant human FSH now available, have been 
used in the treatment of men with idiopathic infertility. 
The initiation and maintenance of spermatogenesis, as 
well as the normal function of the male sex accessory 
glands, depend on the proper stimulation of the testis by 
gonadotropins secreted by the anterior pituitary gland. 
Treatment of hypogonadotropic hypogonadism with 
exogenous gonadotropins or GnRH has produced 
remarkably good results compared with treatment of 
other male infertility problems [54]. The results have 
led to the use of these hormones in subfertile men with 
either normal or elevated basal gonadotropin levels. 
The only rational argument for this therapy is that it 
is theoretically possible that infertile men might have 
either defective or inefficient production of bioactive 
LH or FSH, and would therefore benefit from exo- 
genous hCG or hMG. However, defects in FSH produc- 
tion in infertile men have not been described [55]. 
Many agents have been available to raise the serum 
level of gonadotropins. The most common preparations 
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used today are hCG and hMG; preparations used in the 
past were of questionable reliability. Both GnRH and 
synthetic GnRH analogs are now available, and they 
are also being studied in oligospermic men. 

Human chorionic gonadotropin is comparable to 
LH in that it stimulates Leydig cell secretion of both 
testosterone and estradiol and subsequently suppresses 
FSH. Human menopausal gonadotropin has both LH 
and FSH activity and is the more expensive of the two 
drugs. Both hCG and hMG must be administered 
parenterally, and they have been used separately and 
together in various dosing regimens. One of the first 
reported studies using hCG alone, that of Glass and 
Holland, yielded surprisingly good results [56]. Among 
20 men receiving 5000 IU hCG 2-3 times weekly for 
1-3 months, 60% had improvement in seminal param- 
eters, which resulted in a 35% pregnancy rate. In con- 
trast, an early study by Lytton and Mroueh on the use 
of hMG alone had disappointing results: only 19% of 
the oligospermic men so treated had improvement in 
seminal parameters, and the subsequent pregnancy 
rate was only 13% [57]. 

Later studies using hMG alone have yielded 
improvement in seminal variables in 40-67% of patients 
[58-60]. However, pregnancy rates have remained 
poor, ranging from 0% to 17%. Similarly, the use of hCG 
alone has produced a wide range of results. Mehan and 
Chehval reported improvement in semen parameters 
in 53% of men with idiopathic oligospermia treated 
with 5000 IU hCG weekly; the pregnancy rate in this 
group was 30% [61]. Uncontrolled studies by Sherins 
[62] and Homonnai et al. [63] resulted in pregnancy 
rates of only 0% and 9%, respectively, after treatment 
with gonadotropins. 

Dubin and Amelar used hCG (4000 IU twice 
weekly) as an adjuvant therapy in men with a baseline 
sperm countofless than 10 million/mL who underwent 
varicocelectomy [64]. Without adjuvant hCG therapy 
the pregnancy rate was only 23%, but it increased to 
44% when hCG was administered in conjunction with 
varicocelectomy. Using a dose of hCG of 5000 IU per 
week, Mehan and Chehval confirmed this observa- 
tion in a study of 40 men not responding to a vari- 
cocele repair and six men with an unrepaired varicocele 
[61]. The failed varicocelectomy group who received 
hCG had a 43% pregnancy rate, whereas the group 
with unrepaired varicocele who received hCG had a 
0% pregnancy rate. Although promising, these results 
have not yet been substantiated by a randomized con- 
trolled study. 


Exogenous FSH has been administered to men 
with idiopathic infertility who failed to achieve nor- 
mal fertilization rates during an in-vitro fertiliza- 
tion (IVF) cycle. Acosta et al. administered 150 IU of 
pure human FSH three times weekly for a minimum 
of three months before the next attempt [65]. The fer- 
tilization rate increased from 2% before treatment to 
54% after receipt of pure human FSH. They did not 
observe any significant changes in endocrine or semen 
analysis after therapy, and baseline FSH levels did not 
influence outcome. Some patients had significantly 
elevated baseline serum FSH levels. These results sug- 
gest that FSH may be improving the quality of sperm 
being produced without significantly affecting the 
conventionally measured semen variables. However, 
other investigators have demonstrated fertilization 
rates of 48-66% during the second cycle without any 
intervention in couples with idiopathic male-factor 
infertility who have failed to fertilize on the first IVF 
attempt [66,67]. As with studies of other medications, 
the absence of appropriate controls in this study of pure 
human FSH limits our ability to assess the true efficacy 
of this treatment. 

The treatment of idiopathic oligospermia with 
a combination of both hCG and hMG has not been 
very successful. A controlled study by Knuth et al. 
demonstrated no significant benefit over placebo 
(Table 25.2) [68]. A review by Schill summarized the 
multiple studies evaluating the effects of hMG and 
hCG: patients with moderate oligospermia have a 
much better response rate than those with sperm 
densities below 10 million/L; improvement in semi- 
nal variables and pregnancy rate were 36% and 16%, 
respectively, in the moderately oligospermic group, 
and 20% and 8%, respectively, in the severely oligosper- 
mic group [75]. Namiki et al. identified a subgroup of 
patients with idiopathic infertility who were respond- 
ers to combined gonadotropin therapy by measuring 
testicular FSH receptors [76]. FSH receptor-positive 
patients experienced a significant improvement in 
total motile count but were also found to have better 
baseline testicular histologic findings. The results of 
these two studies may reflect either the ability of these 
patients to respond to therapy or their underlying fer- 
tility potential independent of therapy. At this point, 
without demonstration of significantly better results, 
it is hard to justify the expense and effort involved in 
using these agents instead of the oral antiestrogens that 
achieve a similar result by stimulation of endogenous 
production of gonadotropins. However, antiestrogens 
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Table 25.2. Results of controlled studies of empiric medical therapy using gonadotropins, gonadotropin-releasing hormones (GnRH), 


and androgens 


Reference Dosage Duration of 
treatment 
(months) 
Gonadotropins 
Knuth etal., 1987 150 IU/d HMG 3 x 3 
[68] wk plus 2500 IU HCG 
2x wk 
Placebo 
GnRH 
Badenoch etal., 1 ug Buserelin SC 2 3 
1988 [69] x wk 3 
10 ug Buserelin SC 
2x wk 3 
Placebo 
Crottaz etal., 0.2 mg IN every 2 hrs 3 
1992 [70] Placebo 3 
Androgens 
Aafges etal., esterolone 25 6 
1993 [71] mg/d À 
Placebo 
Wang etal., 1983 esterolone 100 6 
[15] mg/d 6 
Testosterone 
rebound 6 
Placebo 
WHO,, 1989 [72] esterolone 150 12 
mg/d 12 
esterolone 75 
mg/d 12 
Placebo 
Comhaire, 1990 Testosterone 240 3 
[73] mg/d 5 
Placebo 
Gerris etal., 1991 esterolone 150 12 
[74] mg/d 
x 12 
acebo 


No. of Rate of seminal Pregnancy Results ¢ 
patients improvement (%) rate (%) 
17 NS 10 Negative 
20 0 
7 NS NR Negative 
8 NS NR Negative 
4 NR 
14 NS 36 Negative 
14 21 
59 S 12 egative 
59. 12 
12 Si 0 egative 
15 S 0 egative 
i 0 
50 § 19 egative 
54 $ 12 egative 
59 T 
10 Si 10 egative 
10 10 
Dy R 26 egative 
25 R 48 


hMG, human menopausal gonadotropin; hCG, human chorionic gonadotropin; IN, intranasally; NR, not reported; NS, no significant 


change; SC, subcutaneously; WHO, World Health Organization. 


a Conclusion of authors as to whether drug therapy was more effective than placebo. 


are contraindicated in patients with baseline elevations 
in gonadotropins, and this group may be considered 
for empiric therapy with gonadotropins. 


Gonadotropin-releasing hormone 

Pituitary gonadotropin secretion is also increased 
with the use of the synthetic analogs of GnRH. These 
agents have been shown to produce better results than 
hCG and hMG in the treatment of hypogonadotropic 
hypogonadal men [77], and have been studied in men 
with idiopathic oligospermia. These drugs have a very 


short biologic half-life and thus require either frequent 
administration (intranasally or by subcutaneous injec- 
tion) or the use of a portable pump for pulsatile subcu- 
taneous infusion. 

Schwarzstein and colleagues treated 18 severely oli- 
gospermic men with GnRH every other day without 
observing seminal improvement or a pregnancy [78]. 
Aparicio et al., using a daily dose of 0.1-0.5 mg GnRH 
in 21 men with moderate oligospermia, reported 
improvement in seminal variables in 67% and a preg- 
nancy rate of 24% [79]. However, a controlled study 
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comparing two doses of a long-acting GnRH analog 
with placebo did not show a significant improvement 
in seminal variables and yielded no pregnancies (‘Table 
25.2) [69]. A second controlled study did not demon- 
strate any significant seminal changes, but the preg- 
nancy rates for the treatment and control groups were 
36% and 21%, respectively [70]. The pregnancy rates 
were not significantly different from each other but 
do demonstrate the wide variation in the treatment- 
independent fertility potential of the patients being 
evaluated in these clinical trials, and the absolute neces- 
sity of appropriate control groups to assess the efficacy 
of these treatments. 

A prospective trial of a GnRH analog for the 
treatment of oligoasthenospermia demonstrated a 
statistically significant improvement in both sperm 
concentration and motility as compared to results in 
the group treated with clomiphene citrate [80]. The 
mean sperm density in the GnRHa group increased 
from 16.1 million/mL to 26.9 million/mL (P < 0.05), 
while the mean sperm density did not change signifi- 
cantly in the group treated with clomiphene. Similarly, 
the mean sperm motility increased from 35.9% to 
43.9% in the GnRHa group (P < 0.05), but did not sig- 
nificantly change in the clomiphene group. 

There are still many dosage variables to be evalu- 
ated before a definitive judgment can be made on the 
efficacy of GnRH in the treatment of male infertility. 
Because of the enormous expense of GnRH and the 
lack of specific dosage recommendations, this form 
of therapy should be used only in clinical trials. 


Androgens 


It is well understood that adequate levels of circulat- 
ing androgens are critical for the maintenance of male 
sexual and reproductive functions. However, as early 
as 1939, McCullagh and McGurl noted that adminis- 
tration of testosterone can suppress human testicu- 
lar function as shown in depression of sperm output 
[81]. As noted earlier, androgen concentrations within 
the testis are 50-fold higher than in peripheral serum 
because of local production [82]. Administration of 
exogenous androgens results in feedback inhibition 
of endogenous gonadotropin secretion and reduced 
concentrations of intratesticular androgens despite 
apparently normal levels of testosterone in the periph- 
eral serum. Numerous studies of men who abuse ana- 
bolic steroids have confirmed these findings [83-86]. 
Therefore, low doses of exogenous androgens have 
been employed in the past to avoid significant pituitary 


feedback suppression. Animal model studies have 
shown that systemic administration of extraordinar- 
ily high doses of androgens can stimulate and main- 
tain spermatogenesis in hypophysectomized rats [87]. 
In addition, spermatogenesis could be maintained by 
site-directed intratesticular testosterone administra- 
tion using testosterone-laden microspheres [88]. These 
studies suggest that the administration of extremely 
high doses of testosterone might be effective in the 
treatment of idiopathic infertility. 

There are a variety of synthetic androgens avail- 
able for oral administration, but they have significant 
toxicity and their use is not recommended. The most 
commonly used is mesterolone, in doses ranging from 
as low as 2 mg/day up to 150 mg/day. Although andro- 
gen therapy is thought to improve epididymal func- 
tion, experimental evidence has not been supportive 
of this theory. Brown treated 58 men who had isolated 
asthenospermia and 35 men who had multiple seminal 
defects with fluoxymesterone, 20 mg/day for six weeks 
[89]. Improvement of seminal variables was observed 
in 52% of the first group but in only 11% of the second 
group. Urry and Cockett noted seminal improvement in 
44% of 40 men treated with fluoxymesterone at a much 
lower dose of 2 mg/day [90]. Aafjes et al., performing a 
randomized, double-blinded, crossover study of mes- 
terolone (25 mg/day) in 59 men with sperm counts less 
than 40 million/mL, observed a similar rate of seminal 
improvement in sperm motility after treatment with 
mesteroloneand placebo; pregnancy rates were the same 
in both groups as well [71]. The more recent studies on 
the efficacy of androgen therapy for the management 
of idiopathic male-factor infertility have used signifi- 
cantly higher doses of mesterolone or testosterone 
undecanoate. Three randomized prospective control- 
led studies have been published, and all of them were 
negative (Table 25.2) [72-74]. Seminal variables were 
not significantly altered during the course of therapy, 
and pregnancy rates were either similar to or lower than 
those of similar patients receiving placebo. 

Research attempts at determining a subgroup of 
responders have been unsuccessful. Although some 
studies demonstrate improvement in seminal variables 
after oral androgen therapy, pregnancy rates have been 
low. Oral androgens are readily metabolized by the 
liver, and it is doubtful that low doses have any effect 
on serum androgen levels in eugonadal men. Toxicity, 
including cholestatic jaundice, peliosis hepatitis, and 
occasional gynecomastia, appears to outweigh the 
efficacy of this form of therapy. It is for these reasons 
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that oral androgens are not recommended in the 
treatment of the infertile male or any man desiring 
of fertility. 


Testosterone-rebound therapy 


Exogenous testosterone therapy can produce azoosper- 
mia or severe oligospermia through the inhibition of 
gonadotropin secretion. It is for this reason that exo- 
genous testosterone should never be administered in 
men desiring fertility. “Testosterone-rebound therapy” 
is based on the theory that after the withdrawal of tes- 
tosterone therapy, spermatogenesis will resume within 
four months, and the sperm count may be even higher. 
Heller et al. noted improvement in spermatogen- 
esis in oligospermic men after a course of suppression 
with testosterone [91]. Subsequent studies demon- 
strated improvement in seminal variables in 20-67% 
of men so treated, and pregnancy rates ranging from 
14% to 41% [92-95]. Suppression of spermatogenesis 
has been induced with either testosterone ester injec- 
tions given weekly (200 mg) or combined testosterone 
ester injections (200 mg every third week) and high- 
dose oral androgens (norethandrolone, 20 mg/day). 
Unfortunately, from 4% to 8% of patients have had lower 
sperm counts after therapy, and Charny reported that 
azoospermia persisted in two patients [92]. Interestingly, 
Charny and Gordon observed an 8% pregnancy rate 
after testosterone-rebound therapy of 38 patients with 
azoospermia due to maturation arrest confirmed by 
testicular biopsy results [93]. This pregnancy rate sug- 
gests that testosterone-rebound therapy may be worth 
trying in select azoospermic patients who have no other 
therapeutic option. However, the only controlled study 
of testosterone-rebound therapy was performed in a 
very small group of patients and did not show any effi- 
cacy of this form of treatment (Table 25.2) [15]. It is for 
this reason, together with the overwhelming evidence 
that exogenous testosterone is in fact detrimental to 
sperm production, that this form of empiric medical 
therapy has been abandoned by the medical commu- 
nity and has not been the subject of further study in 
recent years. Exogenous testosterone should therefore 
not be used in men desiring of fertility. 


Miscellaneous treatments 


Numerous non-endocrine treatments aimed at 
improving the quality of semen have been tested or 
are currently being evaluated. These treatments are 
varied, and include those with possible benefit and 
those without proved effect. Thyroxine, arginine [96], 


corticosteroids [97], antibiotics [98], zinc, methylxan- 
thines [15], bromocriptine [99], and vitamins A, E, and 
C have all been shown to be of little or no benefit in the 
treatment of subfertile men without evidence of a spe- 
cific deficiency. With the exception of patients with a 
specific vitamin deficiency, the efficacy of any vita- 
min therapy in normal men is questionable. 


Kallikrein 


Kallikrein is a polypeptide enzyme, found in a vari- 
ety of tissues and serum, that will cleave kininogen to 
produce kinins, such as bradykinin and kallidin. These 
polypeptides act locally in the inflammatory response 
and are closely related to the coagulation and fibri- 
nolysis systems. The kallikrein-kinin system has been 
shown to play a role in the regulation and stimulation 
of sperm motility [100,101]. 

The major source of kallikrein is the pancreas, 
and pancreatic kallikrein is available in both oral and 
parenteral forms. Kallikrein therapy has been studied 
extensively. Schill compared 600 kU/d of kallikrein 
with placebo in a double-masked fashion over a two- 
month period in 90 oligospermic men (sperm count 
< 40 million/mL), and found the rate of improvement 
in seminal parameters and the pregnancy rate to be 
significantly better in the kallikrein group (Table 25.3) 
[102]. However, two more recent studies using the same 
dose did not observe any significant benefit of kal- 
likrein over placebo [103,104]. Homonnai et al., in an 
uncontrolled study, noted worsening of sperm counts 
in a similar group of men treated with kallikrein, and a 
pregnancy rate of only 17% [107]. Side effects are rare, 
but epididymal or prostatic inflammation may be 
exacerbated by kallikrein therapy. The cumulative 
results are not very promising, and further study is 
required to determine any efficacy of this drug. 


Indomethacin 


Prostaglandins have been shown to have an inhibi- 
tory effect on testicular steroidogenesis [108] and 
spermatogenesis in vivo [109], and on sperm motility 
in vitro [110]. These observations suggest that pros- 
taglandins may play a role in both testicular function 
and sperm maturation. Although the mechanisms 
are unclear, most of the evidence demonstrates an 
inhibitory influence of prostaglandins on reproduct- 
ive function. Therefore, suppression of prostaglan- 
din synthesis with nonsteroidal anti-inflammatory 
drugs has been suggested as a form of therapy for 
subfertile men. 
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Table 25.3. Results of controlled studies of empiric medical therapy using kallikrein, bromocriptine, indomethacin, ketoprofen, and 


glutathione 
Reference Dosage Durationof No.ofpatients Rateofseminal Pregnancy Results“ 
treatment improvement rate (%) 
(months) (%) 
Kallikrein 
Schill, 1979 [102] 600 KU/d 2 48 Significant 38 Positive 
Placebo 2 42 16 
Glezerman etal., 1993 600 KU/d 3 55 NS NR Negative 
103] Placebo 3 59 NR 
eck etal., 1994 [104] 600 KU/d 3 44 NS 9 Negative 
Placebo 3 47 9 
Bromocriptine mesylate 
Hovatta etal., 1979 [99 5 mg/d 3 20 NS 0 egative 
Placebo 3 20 0 
Indomethacin 
Barkay etal., 1984 [105 150 mg/d 2 20 NR 35 Positive 
Placebo 2 25 NR 8 
Ketoprofen 
Barkay etal., 1984 [105 150 mg/d 2 20 NR 20 Positive 
Placebo 2 25 NR 8 
Glutathione 
Lenzi etal., 1993 [106] 600 mg 4 20 Significant NR Positive 
M QOD 4 20 
Placebo 
R, not reported; NS, no significant change; QOD, every other day. 
a Conclusion of authors as to whether drug therapy was more effective than placebo. 
One controlled study by Barkay etal. has suggested Glutathione 


an increase in FSH, LH, and testosterone levels in 
men treated with both indomethacin and ketoprofen 
(Table 25.3) [105]. They examined the effect of vari- 
ous doses of indomethacin and ketoprofen on both 
seminal parameters and fertility in 100 oligospermic 
men. They observed an increase in both FSH and LH 
with a simultaneous decrease in testosterone in the 
men receiving either indomethacin or ketoprofen. 
Prostaglandin levels in the seminal fluid decreased as 
well. With 75 mg/day of indomethacin, there was a 
significant increase in both sperm count and motil- 
ity, and the pregnancy rate was 35%. Other doses of 
indomethacin and ketoprofen yielded a significant 
but less dramatic improvement in these variables 
over placebo. This is an interesting, inexpensive, and 
relatively nontoxic form of therapy, the only adverse 
side effect being gastritis. Further study is required 
to identify the patients best suited for this form of 
therapy. 


Glutathione is a simple, naturally occurring, three- 
amino-acid compound that is thought to act as an 
antioxidant and prevent lipid peroxidation. For this 
reason, glutathione therapy has been used in various 
pathologic conditions in which reactive oxygen spe- 
cies are thought to play a pathogenic role. In an uncon- 
trolled study, Lenzi et al. used glutathione therapy 
(600 mg/day IM) for two months in a group of 11 men 
with a history of genitourinary inflammatory disease 
and noted significant improvement in sperm motility 
[111]. These findings were confirmed in a subsequent 
placebo-controlled, double-masked study performed 
by Lenzi et al. (Table 25.3) [106]. Forty men were ran- 
domized between placebo and intramuscular gluta- 
thione therapy using 600 mg every other day for four 
months. Significant improvement in sperm motility 
was observed in the glutathione group, but pregnancy 
rates were not reported. Glutathione is a safe but cum- 
bersome form of empiric medical therapy. Further 


Chapter 25: Nonsurgical treatment: empiric therapy 


study is necessary to confirm these early findings by a 
single investigative team, but this drug should be con- 
sidered for patients with asthenospermia. 


Phosphodiesterase inhibitors 


The administration of sildenafil, pentoxifylline, and 
other methylxanthines has been suggested to poten- 
tially increase sperm motility in vitro. Systemic 
administration of these agents has not demonstrated a 
significant or reliable response in sperm function and 
production [112]. 


Zinc 
Semen is normally rich in zinc, as contributed by pros- 
tatic secretions. It has been suggested that the admin- 
istration of exogenous systemic zinc to malnourished 
men can improve sperm production [113,114]. 
Although it has been shown to potentially 
increase the sperm count in both fertile and infertile 
men, exogenous zinc treatment is probably of little 
benefit except in the presence of zinc deficiency, and 
high doses may have a detrimental effect overall on 
sperm function. 


Vitamins C, E, A, and other antioxidants 


Reactive oxygen species (ROS) include free radicals, 
oxygen ions and peroxides and are found at high levels 
in up to 40% of infertile men [115]. ROS are usually 
not found in the semen of fertile men. Vitamins such as 
vitamin C and E, as well as pentoxifylline and allopur- 
inol, are known to have antioxidant activity. It has also 
been shown that infertile men as well as male smokers 
have low levels of ascorbic acid in their semen, which 
can contribute to their infertility [116]. It is for this rea- 
son that supplementation with these agents has been 
proposed to decrease the endogenous oxidative dam- 
age to sperm. 

It is important to note, however, that low levels 
of superoxide anion may in fact be important to the 
acrosome reaction and thereby critically affect ability 
to fertilize. No randomized, controlled studies have 
demonstrated a benefit of systemic administration 
of antioxidant on male infertility. Administration of 
high-dose antioxidants has potential beneficial effect 
on male fertility, but also has theoretical adverse 
effects. It is for this reason that their use should be 
limited to low or moderate doses only. 

A variety of different agents, specifically isoflavones 
(i.e., genistein, daidzein) have recently gained attention 
as possible treatments for men with abnormal semen 


parameters. Isoflavones, which are derived from plants, 
have profound antioxidant capabilities and have already 
been implicated in the treatment of a variety of different 
disease states, specifically coronary artery disease and 
endocrine-secreting tumors. Results on the efficacy of 
isoflavones are immature, but may suggest the possibil- 
ity of an interesting future treatment [117]. 


Summary 


An extensive variety of therapeutic agents exists for 
the treatment of the subfertile male with idiopathic 
oligospermia, not limited to the agents reported 
here. Empiric therapy might also include the various 
assisted reproductive technologies (ART) employed to 
assist couples with male-factor infertility, specifically 
intrauterine insemination (IUI), in-vitro fertiliza- 
tion (IVF), and IVF combined with intracytoplasmic 
sperm injection (ICSI). Couples with severe male- 
factor infertility should also be counseled about alter- 
natives such as adoption or artificial insemination 
with donor sperm. 

It is essential to rule out any treatable cause of 
infertility with a thorough evaluation by a male infer- 
tility specialist. Potentially correctable causes may 
include varicocele, antisperm antibodies, endocrino- 
pathy, infection, and obstruction. It is also important 
to identify any chromosomal abnormality by obtain- 
ing a karyotype and Y-chromosome microdeletion 
test prior to initiating a possibly lengthy and expensive 
course of empiric treatment. A complete female factor 
evaluation is also necessary, and may obviate the need 
for nonspecific therapy in the male partner. 

Hopefully, as the understanding of male repro- 
ductive physiology broadens, the opportunity to bet- 
ter identify specific problems and develop targeted, 
specific therapies will grow. It is these new discoveries 
upon which improved fertility treatments and preg- 
nancy success will depend. 
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Introduction 


The purpose of ejaculation is to allow rapid transport 
of sperm through the urethra into the vagina during 
intercourse to allow procreation. There are anatomic 
and neuroanatomic structures essential for ejacula- 
tion, and these structures are coordinated in a very 
exact way to allow normal ejaculation to take place. 

The description and management of ejaculatory 
dysfunction have historically taken a “back seat” to the 
issues of erectile dysfunction (ED) for a variety of rea- 
sons. For example, ED of some degree is widespread, 
whereas ejaculatory dysfunction is not as widespread, 
and may occur in only a subset of patients with severe 
ED. Additionally, ED is often attributed to the latest 
new medicine prescribed for another disease, or may 
be part of a more diffuse neurological or anatomic con- 
dition. Even when present in conjunction with ED, 
ejaculatory dysfunction is usually tolerated or ignored 
as long as the ED can be managed well (which is often 
the case). Ejaculatory dysfunction obviously becomes 
more important in the younger male when fatherhood 
is of concern but, even then, its role in fertility is often 
looked at only as a problem in transport of sperm. 

In men with spinal cord injury (SCI), the relation- 
ship of ejaculatory dysfunction to infertility has been 
studied extensively. In these patients, sperm production 
has been shown to be essentially normal, yet the semen 
quality of men with SCI and the function of their sperm 
are grossly abnormal, indicating more than a simple 
problem of sperm transport. A special section on male 
partners with SCI has been included in this chapter. 


Anatomy and physiology 
of ejaculation 


The organs involved in the process of ejaculation are 
the epididymides, vasa deferentia, prostate, seminal 
vesicles, bladder neck, and bulbourethral glands [1]. 
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Sperm are stored in the cauda epididymidis prior 
to ejaculation. An elegant animal study by Prins and 
Zaneveld has shown that during sexual stimulation, 
fluid is slowly expelled from the cauda epididymidis 
into the vas deferens. During ejaculation, the sperm are 
rapidly transported via peristalsis through the vas defe- 
rens and into the urethra. Interestingly, residual caudal 
fluid persisting in the urethra is transported back into 
the cauda epididymidis, where it is again stored until 
the next ejaculation [2]. If this storage function is dis- 
ordered by infrequent ejaculation [2,3] or neurological 
conditions [4], distal migration down the Wolffian 
structures can occur, leading to seminal vesicle storage 
of sperm, and the seminal vesicles are not a very hos- 
pitable environment for the sperm. Sperm stored in 
the seminal vesicles exhibit very low motility [4]. 

From the cauda epididymidis, sperm are trans- 
ported through the vas deferens, which courses through 
the external and internal inguinal rings, over the ureter, 
and turns medially under the prostate. There, the two 
vasa run medial and parallel to the seminal vesicles, 
eventually coalescing into the ejaculatory ducts. These 
ductal systems are completely separate in normal cir- 
cumstances. The ejaculatory ducts course though the 
tissue of the prostate and open into the urethra. 

Once seminal fluid is expelled through the ejacu- 
latory ducts into the urethra, it still needs to be forced 
out in the antegrade direction. First, the bladder neck 
closes, preventing retrograde ejaculation. Then rhyth- 
mic contractions of the periurethral muscles cause 
rhythmic forceful expulsion of semen through the 
urethra. It has been suggested that expansion of the 
posterior urethra causes the rhythmic contraction to 
take place, but in men with absence of seminal emis- 
sion, who are otherwise neurologically normal, such as 
testis cancer patients who underwent a radical retro- 
peritoneal lymph node dissection, the rhythmic con- 
traction takes place nevertheless. This observation 
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suggests that the periurethral muscle activity is part 
of the central reflex, and not due to posterior urethral 
expansion. 

The exact mechanisms that cause this coordinated 
reflex to occur are not completely clear. However, stud- 
ies on ejaculation induction procedures in men with 
spinal cord injury suggest that the event which imme- 
diately precedes the ejaculatory reflex threshold is an 
extremely high-pressure contraction of the external 
sphincter/periurethral muscles. Men with high-pres- 
sure contractions in response to vibratory stimulation 
always ejaculated, while those without such muscle 
contraction never ejaculated [5]. This finding suggests 
that proprioception within the external sphincter 
may be important in initiating responses through the 
neurological pathways described below. 


Neural control of ejaculation 


Neural control of ejaculation consists of the ejacu- 
latory reflex, which is mediated at the thoracolum- 
bar level and involves a coordinated interaction of 
the sympathetic and parasympathetic autonomic 
nervous systems. Control of the ejaculatory reflex is 
probably initiated centrally, and it may be inhibited cen- 
trally as well via the cortex, thalamus, hypothalamus, 
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midbrain, and pons [6,7]. Centrally, dopaminergic 
structures are thought to be excitatory to the ejacula- 
tory reflex while serotonergic receptors are thought 
to be inhibitory [8,9]. 

Additional input directly into the reflex may come 
from the dorsal nerve of the penis. Sympathetic out- 
flow via the lumbar sympathetic ganglia and then 
the hypogastric nerve is responsible for seminal 
emission and closure of the bladder neck to create a 
“pressure chamber” phenomenon. Parasympathetic 
outflow (S2-4) via the pelvic nerve stimulates secre- 
tions of the prostate and seminal vesicles while som- 
atic efferents from the same segments are responsible 
for the contractions of the bulbocavernosal and 
ischiocavernosal muscles and the pelvic floor result- 
ing in forceful expulsion of the ejaculate. One may 
now understand how an abnormality at any point in 
the system may result in some form of ejaculatory dys- 
function (Fig. 26.1). 


Abnormalities of ejaculation 
Glossary of terms 


Although there are a number of specific etiologies 
for ejaculation disorders, it is important to define the 
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Fig. 26.1. Spinal innervation of ejaculation. 
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general nature of the dysfunctions. The conditions can 

be functional or pathological, lifelong or acquired, and 

exhibit different clinical manifestations, as listed here: 

Anemission: Absence of seminal emission, despite 
climax. 

Anejaculation: Absence of seminal emission and 
projectile ejaculation, although this term is 
commonly applied to neurologically impaired 
individuals who lack all aspects of the ejaculatory 
reflex, including loss of orgasm. 

Premature ejaculation (rapid ejaculation): Climax 
occurring too soon, and before the patient wishes 
it to occur. 

Retarded ejaculation (delayed ejaculation, 
anorgasmia): Inability to achieve climax, or 
extreme delay in achieving climax. 

Retrograde ejaculation: Passage of semen backwards 
into the bladder during an ejaculatory reflex, due 
to failure of bladder neck closure. 


Abnormalities of ejaculation: functional 
There are abnormalities of ejaculation in which ana- 
tomic or neurological problems usually are not seen. 
These functional issues are perhaps more commonly 
termed abnormalities of orgasm threshold. Premature 
ejaculation and delayed ejaculation are the two condi- 
tions of importance. 


Premature ejaculation 

This condition is receiving a great deal more attention 
than in years past, most likely because of the devel- 
opment of drugs that promise effective on-demand 
treatment. Premature ejaculation (PE) is defined as 
reaching climax and ejaculating before the person 
wishes it. To be considered a dysfunction, it must cause 
distress. PE is likely the most common sexual com- 
plaint in men, affecting 31% of men between the ages 
of 18 and 59 [10]. 

Recent studies on premature ejaculation have 
focused on the intravaginal ejaculatory latency time 
(IELT). Studies in men self-reporting whether they 
suffer from PE have examined the correlation between 
IELT and perceived dysfunction. Waldinger et al. have 
suggested that those with an IELT of less than one 
minute have “definite” premature ejaculation, and 
those with an IELT of 1-1.5 minutes have “probable” 
premature ejaculation [11]. 

Treatment for premature ejaculation is aimed at 
improving sexual performance. Most men with PE do 
not have ejaculation occurring prior to intromission, 


and thus will be able to deposit the semen into the 
vagina. The rapid-onset, short-acting selective sero- 
tonin reuptake inhibitor (SSRI), dapoxetine, has dem- 
onstrated promise as an on-demand treatment for men 
with PE [12]. 


Delayed ejaculation (retarded ejaculation, primary 
anejaculation, anorgasmia) 

Delayed ejaculation is present when a man is unable to 
achieve climax. It may be lifelong or acquired. Inability 
to achieve climax is seen in 8% of men aged 18-59 
[10]. This condition can be more common with aging, 
and recent evidence has suggested that masturbation 
pattern can affect the ability to climax during sexual 
activity [13]. 

Many cases of lifelong anorgasmia are thought to be 
psychogenic in nature. The characteristics of such cases 
include the inability of the man to ejaculate during any 
kind of sexual activity; absence of known neurological 
conditions; presence of nocturnal emissions, suggest- 
ing that the ejaculatory reflex can function normally. 
Psychogenic cases have historically been thought to be 
very resistant to psychotherapy. Many times, extreme 
measures have been necessary to allow men with this 
condition to initiate a pregnancy, such as rectal probe 
electroejaculation [14] or surgical sperm retrieval with 
in-vitro fertilization (IVF). 

It is important to remember that some men with 
apparently functional anorgasmia may have subtle 
neurological changes indicative of an etiology. Some 
diagnoses might include occult spina bifida with cord 
tethering or early multiple sclerosis. The diagnosis of a 
psychogenic source should be made only after an effort 
to exclude an organic cause. 


Abnormalities of ejaculation: anatomic 


Ejaculatory duct obstruction 

Ejaculatory duct obstruction (EDO) can be partial or 
total. Partial EDO is a relatively controversial area, 
in that some believe previously idiopathic problems 
with sperm morphology or sperm motility can be 
explained by partial EDO. Others argue that thera- 
peutic intervention can lead to worsening of fertility, 
with urine contamination of the ejaculate, possible 
scarring, and development of complete occlusion of 
the ducts [15]. 

Congenital or acquired complete EDO is more 
clear-cut. This condition is manifest by low semen 
volume ( 1.0 mL), absence of sperm in the ejaculate, 
and acidic (prostatic) pH. Patients with complete EDO 
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may complain of testis pain with sexual stimulation. 
Lifelong EDO is due to either atresia of the very end 
of the duct or to midline cysts, most likely of utricular 
origin, that compress the ejaculatory ducts. Men with 
atresia may have a variant of cystic fibrosis, similar to 
men with absence of the vas. 

Men with EDO can be treated with a transurethral 
resection to open the ducts, with a high rate of success 
in increasing semen volume and restoring sperm flow. 
Urine contamination of the ejaculate and scarring of 
the urethra, however, can complicate the situation. 


Congenital bilateral absence of the vas 
deferens (CBAVD) 
Men with this variation of cystic fibrosis mutations 
generally appear on physical examination to have 
nonformation of the entire vas deferens and partial 
formation of the epididymis. On prostate ultrasound, 
there is hypoplasia or atresia of one or both seminal 
vesicles [16]. There may be ejaculatory duct obstruc- 
tion as well. The clinical presentation is similar to that 
of men with EDO, and they present with azoospermia 
and low-volume ejaculate, with normal sensation of 
orgasm. The difference between EDO and CBAVD is 
determined by physical examination. 
CBAVDisanonreconstructible condition. Initiation 
of pregnancy is possible with sperm retrieval and IVE 


Bladder neck incompetence 

Open bladder neck is occasionally seen as a spontan- 
eous problem due to poor sympathetic outflow, but 
this is a rare event. More commonly, retrograde ejacu- 
lation, due to an incompetent internal sphincter, is a 
result of medication (see below), diabetic neuropathy, 
or anatomic causes. 

An increasingly uncommon anatomic cause of 
retrograde ejaculation is previous surgical Y-V plasty 
revision of the bladder neck [17]. This operation was 
used in the past to treat boys for a variety of conditions, 
including urinary infections, dysfunctional voiding, 
vesicoureteral reflux, and enuresis. It was not effective 
for these conditions, and has been abandoned. 

Reversal of Y-V plasty is difficult and not advis- 
able. These men should be managed with protocols 
designed for use of retrograde sperm, as discussed later 
in this chapter. 


Abnormalities of ejaculation: neuropathic 


Table 26.1 lists the major causes of neurogenic ejacula- 
tory dysfunction. 


Table 26.1. Neurogenic causes of ejaculatory dysfunction 
Spinal cord injury 

Low abdominal/pelvic surgery 

Retroperitoneal lymph node dissection 

Diabetes and other diseases causing peripheral neuropathy 
Myelodysplasia 

Multiple sclerosis 


Stroke/traumatic brain injury 


Spinal cord injury (SCI) 

The majority of spinal cord injuries occur to young 
men. The percentage of men with SCI who retain the 
ability to ejaculate via sexual activity varies by level of 
injury. For example, only 4% of men with SCI who have 
a high complete lesion can ejaculate, versus approxi- 
mately 18% of those with lower lesions, i.e., injuries 
that involve only the conus or cauda equina [18]. The 
former situation presumes an intact ejaculatory reflex 
mechanism but with few or no central connections 
remaining. The latter situation presumes an SCI below 
the cord levels of S2-4 and integrity of the respective 
spinal nerves throughout the cauda equina; a situation 
unfortunately uncommon. In those men whoare able to 
ejaculate with the assistance of penile vibratory stimu- 
lation (PVS, described later in this chapter) some sort 
of propulsive ejaculation is usually seen. This propul- 
sive feature is an indication that the intact ejaculatory 
reflex has been recruited. Lack of propulsive ejacula- 
tion, and/or appearance of retrograde ejaculation, 
indicates incomplete and/or uncoordinated stimula- 
tion of the spinal cord centers of the ejaculatory reflex. 


Low abdominal/pelvic surgery 

Putting aside the obvious consequences of radical 
prostatectomy and radical cystectomy on ejaculatory 
function, certain operations in the retroperitoneum 
and pelvis place the sympathetic and parasympathetic 
nerves at risk for injury. The superior hypogastric 
plexus is in a midline presacral position just below the 
aortic bifurcation. Surgery for certain rectal and other 
less common pelvic tumors may damage this structure, 
leading to retrograde ejaculation. Extensive dissection 
of the pelvic splanchnic nerve in the perirectal area can 
lead to erectile, urinary, and ejaculatory dysfunction 
[19]. Rates of ejaculatory dysfunction of 36-60% have 
been reported after radical rectal surgery [19]. Surgery 
for repair of abdominal aortic aneurysm or aortoiliac 
bypass grafting may lead to some degree of damage to 
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the lumbar sympathetic ganglia and/or the superior 
hypogastric plexus, with resultant loss of emission and 
bladder neck closure. 


Retroperitoneal lymph node dissection (RPLND) 

The paravertebral sympathetic ganglia at the T2-L3 
levels and the convergence of the postganglionic fibers 
from these ganglia at the superior hypogastric plexus 
put these structures, which are essential for seminal 
emission, at risk for damage or removal with the sur- 
gical specimen. Templates designed to spare at least 
a part of these structures on the contralateral side of 
the tumor have reduced the risk. The highest rates of 
success in preserving ejaculatory function have been 
reported with nerve-sparing RPLND. Assuming the 
surgical anatomy and findings are favorable, ejacula- 
tion can be preserved in up to 95% of patients undergo- 
ing this procedure, with paternity rates as high as 76% 
[20]. More recently, laparoscopic RPLND has been 
reported to be successful in preserving ejaculation in 
all of the patients in which the procedure was success- 
fully completed [21,22]. 


Diabetes 

Genitourinary autonomic neuropathy is recognized 
as an important component of the diabetic auto- 
nomic neuropathy complex and is seen in one form 
or another in the majority of type I diabetics. It is 
the paradigm for the study of peripheral neuropathies 
affecting the urinary tract. Up to 87% of type I diabetics 
have physiologic evidence of bladder dysfunction, and 
erectile dysfunction (ED) is estimated to be present in 
35-75% of affected males [23]. Ejaculatory dysfunction 
is less commonly reported, or is often lumped with ED; 
however, ejaculatory failure is said to be present in 
up to 40% of men with type I diabetes [24]. The ejacu- 
latory dysfunction may manifest as either retrograde 
ejaculation or anejaculation (complete failure of emis- 
sion) depending on the degree of sympathetic auto- 
nomic neuropathy involved. 

For purposes of conception, any sympathomimetic 
drug may be administered to mitigate the failure of 
bladder neck closure in cases of retrograde ejaculation 
[25], although for assisted conception, sperm retrieval 
from the bladder is usually satisfactory. Ephedrine 
sulfate, 50 mg four times a day, pseudoephedrine, 60 
mg four times a day, and phenylpropanolamine, 75 mg 
twice a day, are typically used for this purpose [26,27]. 
Currently, the most practical drugs administered are 
pseudoephedrine or phenylpropanolamine, typically 
compounded with other ingredients as cold remedies. 


Because most sympathomimetics will exhibit tachy- 
phylaxis with prolonged use, their administration 
should be timed to the five or seven days prior to the 
partner’s ovulation. Occasionally these sympatho- 
mimetics will reverse anejaculation, but more com- 
monly electroejaculation, or surgical sperm retrieval 
from the testis, will be necessary to achieve biologic 
fatherhood. 


Myelodysplasia 

Spinal dysraphism is a relatively common congeni- 
tal disorder which involves the lumbar vertebrae in 
over 90% of cases and the lower thoracic vertebrae in 
another 5% [28]. As imagined, the majority will have 
multiple sexual and urologic problems. Decter et al. 
studied a group of men = 18 years of age who were 
patients at a multidisciplinary clinic [29]. Erections 
were experienced by 41 men, including 27 who ejacu- 
lated with erection. Eleven patients attempted to father 
children and eight were successful. They concluded 
that the level of the neurologic lesion was not predictive 
of erectile or ejaculatory function. However, men with 
lower and less severe lesions had a greater chance for 
successful fatherhood. For example, seven of the eight 
fathers had an L5 or sacral level lesion, were ambula- 
tory, and did not have a ventriculoperitoneal shunt. 


Multiple sclerosis (MS) 

MS is a demyelinating disease of the nervous system, 
most common in the spinal cord but sometimes also 
affecting areas of the brain which have input into the 
autonomic nervous system. Plaques may affect any 
white-matter tracts, and some manifestation of auto- 
nomic dysfunction is often the first sign of the disease. 
Voiding dysfunction is reported in up to 97% of the 
patients, and may be the most disturbing of their symp- 
toms [30]. Erectile dysfunction may be present in up 
to 73% of men, and ejaculatory and/or orgasmic dys- 
function in about 50%. Interestingly, reduced libido is 
reported to occur less frequently, in about 40%. With 
respect to ejaculatory dysfunction, these men may 
respond to electroejaculation, but since they are sen- 
sate the procedure may have to be performed with con- 
scious sedation or even general anesthesia. 


Stroke and traumatic brain injury (TBI) 

There is much literature about “sexual disorders” after 
stroke and TBI. In general, the types and frequencies of 
sexual disorders are similar for stroke and TBI [19]. The 
majority of patients report a decline in libido, sexual 
satisfaction, coital frequency, erection, and orgasmic 
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ability. Psychological and social factors seem to have 
as much or even more impact on these functions as 
the resultant physical disability [31]. Ejaculatory dys- 
function after stroke and TBI is rarely discussed in the 
literature. 

Further impacting on this subject are the side effects 
of the various drugs which may be used to treat the 
underlying causes. These drugs include antihyperten- 
sive medicines as well as medications to treat affective 
disturbances which often accompany stroke and TBI. 
Nevertheless, based on our ever-expanding knowledge 
of the role of supraspinal dopaminergic and seroton- 
ergic centers on ejaculatory function, it would be rea- 
sonable to think that ejaculatory dysfunction in cases 
of brain injury may have a strong biochemical basis, 
and that this condition may respond well to appropri- 
ate pharmacologic manipulation. 


Abnormalities of ejaculation: 
pharmacologic 


Antidepressants 

Older antidepressants (e.g., tricyclics), as well as the 
newer selective serotonin reuptake inhibitors (SSRIs) 
are powerful inhibitors of climax [32]. This inhibition 
is via a central effect and is limited to anorgasmia. If 
orgasm is present, ejaculation is usually noted to be nor- 
mal in these men. The effect is due to elevation of CNS lev- 
els of serotonin (SSRIs) or catecholamines (tricyclics). 


Alpha-adrenergic antagonists 

Transport of seminal fluid and bladder neck closure 
are controlled by activation of a-adrenergic nerves. 
Therefore, a-blockers, given for hypertension or 
voiding dysfunction from prostatism, can inhibit 
both seminal emission and bladder neck closure. The 
result may be a decrease in the amount of semen emit- 
ted into the urethra and/or retrograde ejaculation due 
to inhibition of bladder neck closure [33]. These men 
present with a normal sensation of orgasm, but a sig- 
nificant decrease or absence of seminal fluid output. 
Hellstrom and Sikka compared the effects of tamsu- 
losin 0.8 mg daily versus alfuzosin 10 mg daily on ejacu- 
latory function in normal volunteers [33]. A marked 
decrease in ejaculate volume (not related to retrograde 
ejaculation) was seen in almost 90% of those taking 
tamsulosin 0.8 mg daily, with approximately 35% hav- 
ing anejaculation. Twenty-one percent of the alfuzosin 
group and 12.5% of the placebo group had decreased 
ejaculatory volume. 


Management of abnormalities of 
ejaculation 
Nonsurgical 


Pharmacologic management 

Alpha-adrenergic agonists 

For individuals suffering from a neurogenic source of 
anemission or retrograde ejaculation, a-agonists may 
have some value (see diabetes, above). The basis for 
this treatment is to overstimulate pharmacologically 
those nerves that are ostensibly not being stimulated 
by endogenous mechanisms. Clearly, if there is a pro- 
found and total malfunction of the entire ejaculatory 
reflex, such as that seen with complete spinal cord 
injury, pharmacological management will have little 
effect. However, in other situations, the effect may be 
beneficial [34]. 

The types of conditions in which alpha stimula- 
tion may be helpful are those in which there is a well- 
defined peripheral problem that tends to be incomplete. 
Candidates for this type of therapy have a normal sen- 
sation of orgasm, but have either retrograde ejacula- 
tion or anemission during climax. 

Men with a nerve-sparing RPLND will commonly 
have some innervation of the ejaculatory organs, 
and the stimulation afforded by drug therapy may be 
enough to allow seminal emission or bladder neck clos- 
ure. Diabetic neuropaths commonly have a progres- 
sive decline in adrenergic function, and when either 
retrograde ejaculation or anemission occurs a-agonist 
therapy may temporarily “reverse” the effects of the 
neuropathy for a period of time, until it progresses, 
making drug therapy ineffective [35]. 


Selective serotonin reuptake inhibitors (SSRIs) for premature 
ejaculation 

One of the adverse effects of the SSRI drug class is 
delayed ejaculation, and this adverse effect has been 
of benefit in delaying ejaculation in men with PE 
[36]. Pryor et al. reported on the short-acting agent 
dapoxetine for men with PE [12]. IELT increased from 
a mean of 0.9 minutes to 3.32 minutes at the 60 mg 
dose. This effect was significantly better than placebo. 
Adverse events included nausea, headache, diarrhea, 
and dizziness. 


Treatment of refractory retrograde ejaculation 

In individuals who suffer from retrograde ejaculation 
thatis unresponsive to medical management, the sperm 
can be retrieved and utilized for assisted reproductive 
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techniques [37]. It is essential to optimize the sperm 
quality prior to use for attempts at pregnancy. Urine 
is toxic to sperm, and any steps that will improve the 
sperm quality will improve the chance of success. 
There are several steps that can optimize the quality of 
a retrograde ejaculate. Complete emptying of the blad- 
der immediately prior to ejaculation, and again imme- 
diately after, can limit urine contact with the sperm. 
Administration of bicarbonate to prevent acid forma- 
tion in the urine may help. 

It is controversial whether to fluid load to limit 
osmolality of the urine, or fluid restrict to prevent urine 
formation between voids. In patients with very poor 
semen quality in the retrograde specimen, a catheter 
should be passed with nonspermicidal lubricant prior 
to ejaculation, and sperm-friendly buffered media 
placed in the bladder. After ejaculation, another plastic 
catheter is used to empty the specimen and the bladder 
can be rinsed with media for complete collection. 

Typically, if sperm production is normal, the above- 
mentioned maneuvers will be successful in retrieving a 
specimen suitable for intrauterine insemination (IUI). 
If, despite the maneuvers, the total motile sperm count 
after processing is still less than 10 million, in-vitro 
fertilization, with or without intracytoplasmic sperm 
injection, may be needed. 


Neurostimulation 

Neurostimulatory methods may be used to induce 
ejaculation in men with neurogenic anejaculation. 
One of the largest and most-studied groups of patients 
with neurogenic anejaculation includes men with spi- 
nal cord injury (SCI) [38]. The most common neuro- 
stimulatory methods to induce ejaculation in men with 
SCI are penile vibratory stimulation (PVS) and electro- 
ejaculation (EEJ). 


Penile vibratory stimulation 
PVS is usually recommended as the first line of treat- 
ment for anejaculation in men with SCI [39-41]. PVS 
involves placing a vibrator on the dorsum or frenulum 
of the glans penis (Fig. 26.2) [42]. Mechanical stimula- 
tion produced by the vibrator recruits the ejaculatory 
reflex to induce ejaculation [43]. This method is more 
effective in men with an intact ejaculatory reflex, i.e., 
men with a level of injury T10 or above (88% success 
rate) compared to men with a level of injury T11 and 
below (15% success rate) [44-46]. 

Unlike the methods of EE], surgical sperm retrieval, 
or prostate massage, the method of PVS may be per- 
formed at home by selected couples. Couples should 


Fig. 26.2. Penile vibratory stimulation is recommended as the first 
line of treatment for anejaculation in men with SCI. 


first be evaluated in a clinic prior to trying PVS at 
home. The evaluation should include assessment for 
risk of autonomic dysreflexia, assessment for opti- 
mal stimulation parameters to induce safe ejacula- 
tion in the given patient, and demonstration that the 
patient and/or his partner can perform the procedure 
properly [42]. 

Autonomic dysreflexia is a risk for any method 
of sperm retrieval in patients with a level of injury 
T6 and above [45,47]. Briefly, autonomic dysreflexia 
is a potentially life-threatening medical complica- 
tion resulting from an uninhibited sympathetic reflex 
response to an irritating stimulus below the level of 
injury. Symptoms of autonomic dysreflexia include 
hypertension, bradycardia, sweating, chills, and head- 
ache. In some cases, autonomic dysreflexia can lead to 
dangerously high blood pressure levels, and this com- 
plication can lead to stroke, seizure, or even death. 
Autonomic dysreflexia symptoms can be well man- 
aged or prevented by oral administration of nifedi- 
pine [47,48]. 

PVS may be attempted using any of a number of 
commercially available devices sold over the counter 
as wand massagers. One of the most effective commer- 
cially available vibrators is the Ferti Care (Multicept, 
Denmark), engineered specifically for inducing ejacu- 
lation in men with SCI (Fig. 26.3). The advantage of this 
vibrator is its ability to deliver high-amplitude stimu- 
lation, i.e., 2.5 mm excursions of the vibrating head, at 
a frequency of 90-100 Hz. These stimulus parameters 
were found to be most effective for ejaculatory success 
in men with SCI [49]. 

The procedure of PVS has been well described in a 
number of publications [41,42,50]. Most practitioners 
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Fig. 26.3. The Ferti Care vibrator, pictured here, was engineered 
specifically for ejaculation by men with SCI. 


follow some form of the following protocol. PVS may 
be administered to any man with SCI, although in men 
with certain medical conditions it is relatively con- 
traindicated. Severe inflammation or irritation of the 
glans penis, which sometimes occurs in patients who 
wear condom catheters, is a relative contraindication 
because PVS may lead to further skin breakdown. PVS 
should not be administered to patients with untreated 
hypertension or cardiac disease, as it may cause an 
increase in blood pressure. In patients with a penile 
prosthesis, PVS must be applied with care, as the pres- 
sure of the vibrator may push the glans onto the distal 
end of the prosthesis. An additional contraindication 
is the patient’s inability to comprehend instructions 
about the procedure. Additionally, patients recently 
injured (i.e., < 18 months) may not respond readily 
to PVS. 

Patients with a level of injury T6 or above should be 
pretreated with nifedipine, which is typically admin- 
istered sublingually 15 minutes prior to stimulation 
onset. A dose of 20 mg is usually administered on the 
first trial of PVS, and adjusted on subsequent trials 
based on the patient’s blood pressure during PVS. 

For safety and efficacy, it is advisable to perform 
PVS after transferring the patient from his wheelchair 
to an exam table or hospital bed; however, the PVS pro- 
cedure may be performed with the patient remaining 
in his wheelchair. The wheelchair site is recommended 
when transfer is problematic, such as with patients who 
have high cervical injuries, those with severe pain or 
extreme obesity, or those wearing spinal cord stabiliza- 
tion devices. 

The goal of PVS is to activate the ejaculatory reflex 
in the thoracolumbar area of the spinal cord. After the 


Fig. 26.4. Individuals who cannot respond to PVS with one vibra- 
tor may respond to PVS with two vibrators. 


patient has been safely positioned, and pretreated with 
nifedipine (if necessary), the vibrator is applied to the 
glans penis (dorsum or frenulum). This placement 
stimulates the dorsal penile nerve, which must be 
intact (S2-4) for ejaculatory success [51]. Placement 
of the vibrator on the shaft of the penis or on the peri- 
neum is less effective. Placement on the testicles could 
cause injury. The vibrator is applied for 2-3 minutes 
or until antegrade ejaculation occurs. If no ejacula- 
tion occurs, the stimulation period is followed by a rest 
period of 1-2 minutes, and stimulation begins again. 
In patients who are responsive to PVS, the majority 
(89%) ejaculate within two minutes of stimulation 
onset [39]. 

Ifa patient is unable to ejaculate with a high-ampli- 
tude vibrator, then auxiliary methods may be employed 
to facilitate ejaculation with PVS, such as application of 
two vibrators (Fig. 26.4) [52], use of abdominal elec- 
trical stimulation in addition to PVS (Fig. 26.5) [53], 
or oral administration of a PDE-5 inhibitor prior to 
PVS [54]. 

The definition of PVS failure varies among prac- 
titioners. There is a degree of uncertainty about how 
many trials to administer, how many minutes per trial, 
or what methods beyond administration of one vibra- 
tor should be tried before considering the patient or 
the trial a PVS failure. Studies have shown that SCI 
patients with a bulbocavernosus response (BCR) and 
a hip flexor response (HR) are more likely to ejaculate 
with PVS than patients without these responses [55- 
57]. The BCR and HR are more useful for predicting 
ejaculatory success in patients whose injuries are below 
the cervical level [55]. For example, in men whose inju- 
ries were between T1 and T6, ejaculation occurred in 
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Fig. 26.5. PVS, in combination with abdominal electrical 
stimulation using a commercially available device, has been shown 
to be successful in some men who do not respond to PVS alone. 


94% of those who had a positive BCR plus a positive 
HR, versus 0% with neither response. Similarly, in men 
whose injuries were between T7 and T12, ejaculation 
occurred in 67% of men who had both responses, ver- 
sus 0% with neither response. In contrast, presence 
of both responses was nearly as predictive as level of 
injury in men with cervical injuries, with an ejacula- 
tion success rate of 78% in men with both responses 
versus 50% in those with neither response. 

In reality, the degree of effort and commitment to 
PVS will vary based on the skill and experience of the 
practitioner. Two consecutive failed PVS trials, spaced 
at least one week apart, typically defines the patient as 
a PVS failure. 


Electroejaculation 

Individuals who cannot respond to PVS are often 
referred for EEJ (Fig. 26.6). Electroejaculation is per- 
formed with the patient in the lateral decubitus pos- 
ition (Fig. 26.7). A probe is placed in the rectum, and 
electrodes on the probe are oriented anteriorly toward 
the prostate and seminal vesicles. Current delivered 
through the probe stimulates nerves that lead to emis- 
sion of semen. 

The method of EEJ was first developed in the 1930s 
for use in veterinary medicine [58] and modified in the 
1980s for use in humans [59,60]. Prior to the develop- 
ment of the high-amplitude vibrator in the mid-1990s, 
EEJ was the most common method of semen retrieval 
in men with SCI because it had a higher success rate 
than PVS. Currently, EEJ is recommended for those 
individuals who fail to achieve semen retrieval via 
PVS because, compared to PVS, EEJ is more invasive, 


Fig. 26.6. Electroejaculation is a method to retrieve semen when 
PVS fails. 


preferred less by patients, and results in a lower yield of 
total motile sperm in the antegrade fraction [61,62]. 

The technique of EEJ has been described in numer- 
ous publications [63-66]. Patients with a level of injury 
T6 or above are pretreated with nifedipine to manage 
possible autonomic dysreflexia. 

Immediately prior to EEJ, the bladder is catheter- 
ized to empty it completely of urine, and to limit the 
potential retrograde sperm/urine contact. Through 
this catheter, 10-20 mL of buffering medium (e.g., 
Ham's F-10 medium) can be instilled into the bladder 
to optimize the environment for the sperm ejaculated 
in the retrograde direction. Rectoscopy is performed 
prior to stimulation to assure that there are no pre- 
existing lesions and there is no colitis, either of which is 
a relative contraindication for the procedure. 

The EEJ stimulation is delivered in a wave-like pat- 
tern with voltage progressively increasing in 1-5 V 
increments until ejaculation occurs. It has been previ- 
ously recommended that a low level of electrical base- 
line (100 mA) be maintained between voltage peaks 
and during ejaculation, based on the veterinary experi- 
ence. However, as is discussed below, recent evidence 
suggests that complete cessation of electrical activity 
between peaks may be optimal for maximum ante- 
grade ejaculation. 

Antegrade ejaculate is released intermittently dur- 
ing the procedure, but it is usually dribbling in nature. 
The urethra may have to be milked. The voltages and 
currents that have been reported to produce successful 
ejaculation range from 5 to 25 V and 100 to 600 mA, 
respectively. Ten to twenty stimulations are necessary 
for complete emptying of the system. 
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After the procedure, the bladder is catheterized 
again to empty the retrograde fraction, which may be 
substantial in some patients. Rectoscopy is performed 
after the procedure to exclude injury to the rectum. 

Patients with complete spinal injuries can undergo 
EEJ without anesthesia. This is not the case for those 
with significant sensory sparing or those with other 
neurological conditions leading to anejaculation. In 
those with normal sensation, general anesthesia is 
required for EFJ. It should be noted that EEJ can cause 
significant discomfort in men with partly preserved 
sensation, and they may require either general anesthe- 
sia or conscious sedation before treatment [67,68]. 

A study was undertaken to define physiological 
events surrounding EEJ and PVS in SCI men [5]. 
Unsurprisingly, PVS resulted in a stereotypical set of 
sphincteric events typical of a coordinated ejacula- 
tory reflex. Extremely high-pressure external sphinc- 
ter contraction always preceded the reflex. This was 
followed by relative relaxation of the external sphincter 
with a rise in pressure of the internal sphincter in con- 
junction withseminal emission. Rhythmiccontractions 
of the periurethral muscles led to expulsive projectile 
ejaculation. All these findings were expected. 

What was more interesting was the situation 
observed during EEJ. Application of electricity led to 
high-pressure contraction of the external sphincter, but 
after a period of tonic contraction, high-pressure con- 
traction of the internal sphincter ensued. If the electri- 
cal stimulation was discontinued during this internal 
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Fig. 26.7. Electroejaculation must be 
performed by a specially trained physician. 
Electroejaculation is effective in retrieving 
semen in 95% of men with SCI. 


sphincter pressure rise, the course of events continued, 
and mimicked the events seen following PVS. In other 
words, the electrical stimulation was capable of initi- 
ating what appeared to bea typical ejaculatory reflex, 
with high-pressure internal sphincter contraction 
coincident with seminal emission, followed by rhyth- 
mic contraction of the striated muscle and projectile 
ejaculation. Again, this pattern was seen to continue, 
despite discontinuation of the electrical activity. 

When the electrical stimulation was continued 
throughout these events, as was suggested by the “con- 
tinuous baseline” teaching of the past, the external 
sphincter pressure always exceeded internal sphincter 
pressure, favoring retrograde ejaculation. If the stimu- 
lus was stopped upon reaching the plateau of external 
sphincter contraction, the external sphincter pressure 
dropped below that of the internal sphincter, with the 
pressure differential favoring antegrade ejaculation. 
This led to the possibility that stopping the stimulation 
at peak skeletal muscle contraction would lead to an 
increased antegrade fraction. 

This theory was tested in a “before-after” observa- 
tional study by Sonksen et al. Seven patients who had 
undergone an average of 5.1 EEJ procedures with the 
old technique (continuous baseline) were subjected to 
the new stimulation pattern for an average of 2.7 “new 
pattern” procedures. The antegrade ejaculate fraction 
increased from 38.9% to 67.9% [5]. 

Brackett et al. tested this new technique in a ran- 
domized study of 12 SCI men. The EFJ trials with 
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interrupted current delivery showed advantages over 
those with continuous current in several semen param- 
eters. Interruption of the current resulted in increased 
antegrade semen volume (2.0 mL vs. 0.9 mL), ante- 
grade total sperm count (130 million vs. 79 million) 
and total antegrade motile sperm count (35 million vs. 
25 million) [66]. 

PVS and EFJ continue to be the most widely used 
methods of semen collection in men with SCI. PVS 
has several advantages over EEJ. Although both meth- 
ods are safe, reliable, and effective [38,69,70], the cost 
of purchasing PVS equipment is approximately one- 
twentieth the cost of purchasing EEJ equipment (i.e., 
approximately $800 versus $16 000 in the year 2007). 
PVS is preferred by patients, and the semen obtained 
by PVS is usually of better quality than the semen 
obtained by EEJ [61,62]. PVS does not require admin- 
istration by a physician, and selected patients may thus 
use PVS to attempt home insemination. In contrast, an 
advantage of EFJ is its effectiveness with PVS failures 
[40,66,71]. 

A review was performed on the ejaculatory success 
rates in a large series of SCI patients [44]. A total of 
412 men with SCI underwent 1701 PVS procedures 
and 845 EEJ procedures. Patients’ neurological level of 
injury ranged between C2 and S4. In patients whose 
level of injury was T10 or higher, 88% responded to 
PVS, whereas in patients whose level of injury was T11 
or lower, 15% responded to PVS. EEJ was performed 
only in PVS failures, 95% of whom ejaculated with 
EFJ. Of the 5% of men who did not ejaculate with EEJ, 
all were patients with retained pelvic sensation who 
experienced pain at low voltages (1-4 volts) on their 
first trial of EEJ, and did not want to continue with fur- 
ther trials of EEJ under sedation or general anesthesia. 

Clearly, the ejaculatory success rates obtained 
with PVS and EEJ merit their continued use as semen 
retrieval methods in men with SCI. 


Vas deferens 
Epididymis 


Prostate massage 

“Prostate massage” isa common misnomer, because the 
intimately located seminal vesicles and ampullae of the 
vasa are incorporated in the digital mechanical strip- 
ping and expulsion of their contents. Prostate massage 
has been used to collect semen from men with SCI for 
usein insemination [72-74]. In arecent report, prostatic 
massage was performed in 69 men with SCI [75]. Sperm 
were retrieved in 22 patients (31.9%). In these patients, 
the mean + SEM sperm concentration was 69.2 + 15.8 
million/mL (range 0.4-325 million/mL), and the sperm 
motility was 7.3 + 1.37% (range 0-25%). In the remain- 
ing 47 patients, fluid without sperm was obtained in 29 
patients. No fluid was obtained in 18 patients. Results 
for the 22 men from whom sperm were obtained were 
as follows: IUI was attempted 11 times in six couples, 
resulting in one live birth (9% success rate per cycle). 

It is not clear when prostatic massage should be 
used in the algorithm of semen retrieval methods in 
men with SCI. The success rate of ejaculation and the 
total motile sperm counts obtained with PVS and EEJ 
are higher than those obtained with prostatic massage. 
When practitioners lack training or equipment for PVS 
or EEJ, prostatic massage may be a useful alternative 
for semen retrieval in men with SCI. 


Surgical sperm retrieval 


A variety of surgical sperm retrieval methods may 
be used to retrieve sperm from men with ejaculatory 
dysfunction (Fig. 26.8), including testicular sperm 
extraction (TESE), testicular sperm aspiration (TESA), 
microsurgical epididymal sperm aspiration (MESA), 
percutaneous epididymal sperm aspiration (PESA), 
and aspiration of sperm from the vas deferens [76-82]. 
Unlike the methods discussed previously, surgical 
sperm retrieval was not developed to treat anejacula- 
tion. Instead, these methods were originally developed 
to retrieve sperm from men who were azoospermic. 


Fig. 26.8. Sperm may be surgically removed from men with 
ejaculatory dysfunction. Use of surgical sperm retrieval in men 
with SCI is controversial. 


Testicle 
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The application of surgical sperm retrieval to 
men with SCI is controversial. A recent survey indi- 
cated that some practitioners are using surgical sperm 
retrievalasthe first line of treatment for anejaculationin 
men with SCI [44]. The primary reasons given by these 
practitioners for not offering PVS or EEJ were a lack of 
equipment and/or lack of training in these techniques. 
It is unclear why practitioners are not being trained 
in the techniques of PVS and EEJ. One possible rea- 
son is that anejaculatory men with SCI represent onlya 
small fraction of the infertile male population, whereas 
azoospermic men represent a much larger proportion 
of infertile male patients. Thus, physicians may pos- 
sess the necessary equipment for, and become adept at, 
performing the procedures that are appropriate for the 
majority of their client population. Ejaculation success 
rates indicate that PVS and EEJ warrant consider- 
ation in centers not currently offering these options 
for couples with SCI male partners [44]. 


Special concerns for male partners 
with spinal cord injury 


Semen quality in men with spinal cord 
injury 
With the advent of PVS and EEJ, data have accumu- 
lated on semen quality in men with spinal cord injury. 
The majority of these men have a distinct semen pro- 
file characterized by normal total sperm numbers 
but abnormally low sperm motility [43,83-85]. This 
semen profile is uncommon in the general population; 
therefore, historically, there has been no precedent for 
understanding the cause of abnormal semen quality in 
men with SCI. Initial investigations tended to focus on 
lifestyle factors such as elevated scrotal temperature 
from sitting in a wheelchair, infrequency of ejacula- 
tion, methods of bladder management, and methods 
of assisted ejaculation as the cause for low sperm motil- 
ity. Studies showed that such factors could not entirely 
account for the problem. For example, scrotal tem- 
perature was similar in injured and noninjured men 
[86], frequent ejaculation did not normalize low sperm 
motility [87-90], and sperm motility remained subnor- 
mal despite some improvements by method of bladder 
management [91] and some improvements by method 
of assisted ejaculation [61,62]. 

With lifestyle factors apparently not the cause of 
abnormal sperm parameters in men with SCI, attention 
turned to secondary physiological factors as possible 


mechanisms for this condition. Again, this line ofinves- 
tigation yielded negative results. For example, there was 
no correlation between low sperm motility and level of 
injury, time post-injury, or age of subject [85,92]. Low 
sperm motility was also not related to endocrine pro- 
files [93,94] or urinary tract infections [91]. 


Abnormal accessory gland function 
Examination of semen from men with SCI shows 
numerous abnormalities in addition to abnormal 
sperm parameters. For example, 27% of men with SCI 
have brown-colored semen which does not become 
normally colored with repeated ejaculations (Fig. 26.9) 
[95]. The brown color is not simply hematospermia, 
but instead indicates a dysfunction of the seminal 
vesicles [95]. Additional evidence of seminal vesicle 
dysfunction is the finding that men with SCI show an 
abnormal pattern of transport and storage of sperm in 
the seminal vesicles [4]. 

In addition to dysfunction of the seminal vesicles in 
men with SCI, there is also evidence of prostate gland 


Fig. 26.9. Twenty-seven percent of men with SCI have brown- 
colored semen. The brown color is not related to semen stasis from 
infrequency of ejaculation. See color plate section. 
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dysfunction in these men. Prostate-specific antigen 
(PSA) was higher in the blood, but lower in the semen 
of men with SCI compared to healthy, age-matched 
control subjects [96,97]. This pattern of PSA expres- 
sion indicates an autonomic dysfunction of the pros- 
tate gland in men with SCI. 

Additional evidence ofaccessory gland dysfunction 
in men with SCI is found in studies showing abnor- 
mal concentrations of various biochemical substances 
in the semen of men with SCI compared with semen 
of control subjects. For example, compared to non- 
SCI men, men with SCI have higher concentrations 
of platelet-activating factor acetylhydrolase (PAFah) 
[98], reactive oxygen species [99-101], and somato- 
statin (in patients with lesions at or above T6) [102]. 
Conversely, the semen of men with SCI has lower levels 
of fructose, albumin, glutamic oxaloacetic transamin- 
ase, alkaline phosphatase [103], and TGF-ß1 than the 
semen of able-bodied men [104]. 


Toxic seminal plasma 

Evidence of abnormal accessory gland function in men 
with SCI led to studies investigating the role of the 
seminal plasma as a contributing factor to the abnor- 
mal sperm parameters found in these men. The stud- 
ies showed that the seminal plasma of men with SCI 
is toxic to normal sperm. For example, when seminal 
plasma of men with SCI was mixed with sperm from 
normospermic men, a rapid and profound impairment 
tonormal sperm motility occurred [105]. Furthermore, 
sperm unexposed to the seminal plasma (i.e., aspirated 
from the vas deferens) had significantly higher motility 
than sperm in the ejaculate of these men (Fig. 26.10) 
[106]. These findings introduced the concept of an 
abnormal seminal plasma environment as a cause of 
impaired sperm motility in men with SCI. 


Leukocytospermia 

One of the most pronounced semen abnormalities in 
men with SCI is leukocytospermia [107-109]. Flow 
cytometric analysis has shown the presence of large 
numbers of activated T lymphocytes in the semen of 
these men [107]. Activated T lymphocytes are known 
to secrete cytotoxic cytokines [110]. 


Cytokines contribute to low sperm motility 

Cytokines play an important role in the function of 
the immune system [110]. Elevated concentrations 
of cytokines can be harmful to sperm [111-113]. The 
seminal plasma of men with SCI contains elevated 
concentrations of specific cytokines [104]. When these 
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Fig. 26.10. In each of 12 men with SCI, sperm motility was 2-13 
times higher when obtained from the vas deferens than from the 
ejaculate. In contrast, in control subjects, there was little differ- 
ence in sperm motility between the two sites. This study provided 
definitive evidence that seminal plasma was a major contributor 

to low sperm motility in men with SCI. Although the vas-aspirated 
sperm from these men generally had lower motility than that of 
controls, suggesting that some epididymal or testicular factor may 
also have a role in decreasing sperm motility, the major decrease 

in motility was due to contact with the seminal plasma. (Adapted 
from Brackett NL etal. Sperm motility from the vas deferens of spinal 
cord injured men is higher than from the ejaculate. J Urol 2000; 164: 
712-15, with authors’ permission.) 


cytokines were neutralized, sperm motility improved 
[114,115]. This treatment represented the first inter- 
vention that significantly improved sperm motility 
in men with SCI. 


Reproductive options for couples with SCI 
male partners 


Intravaginal insemination at home 

The majority of men with SCI cannot ejaculate during 
sexual intercourse, and require some form of technical 
or medical assistance to father a child (Fig. 26.11). The 
least invasive and least expensive of the assisted repro- 
ductive options is intravaginal insemination, some- 
times called “in-home insemination.” It is advisable for 
couples to be evaluated in a clinic prior to attempting 
intravaginal insemination at home. The clinic should 
evaluate the male partner to determine the optimal 
method for safe and effective ejaculation at home. This 
evaluation should assess the male partner with SCI for 
risk of, and management of, autonomic dysreflexia. The 
evaluation should also determine the optimal method 
of inducing ejaculation, such as use of one vibrator 
[42], two vibrators [52], or oral medications, such as a 
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PDE-5 inhibitor [116], prior to PVS. The clinic should 
also evaluate the semen quality of the male partner 
with SCI. While minimum numbers of total motile 
sperm have not been established for successful preg- 
nancy using intravaginally inseminated sperm from 
men with SCI, the clinic should discuss guidelines 
regarding the number of intravaginal insemination 
cycles that will be attempted prior to choosing more 
advanced methods of assisted conception. 

The female partner should be evaluated for the 
absence of any tubal or uterine pathology and for the 


Fig. 26.11. Numerous options are available to assist conception in 
couples with a male partner with SCI. 


presence of normal ovulatory cycles. She should also be 
counseled regarding methods of ovulation prediction 
at home. Insemination should occur at the time of ovu- 
lation. If the male partner with SCI cannot ejaculate 
during intercourse, the couple may collect his semen 
by PVS into a clean specimen cup. The semen is then 
drawn into the barrel of a syringe. 

The semen is delivered after inserting the syringe 
deep into the vagina. Some clinics advise the female 
to remain recumbent for 15-30 minutes following 
insemination, to allow gravity to help keep the semen 
in the vagina. However, there are no data to indi- 
cate if this recumbence increases the probability of 
pregnancy. 

There are reports in the literature of the suc- 
cessful use of intravaginal insemination to achieve 
pregnancy in couples with a male partner with SCI 
(Table 26.2). In these studies, pregnancy rates were 
25-65% per couple. 


Intrauterine insemination (IUI) 

TUI has been used to achieve pregnancy in couples with 
an SCI male partner (Table 26.3). In men with SCI, 
semen to be used in IUI is usually collected by PVS or 
EFJ. IUI can be performed during unstimulated cycles, 
where no fertility drugs are prescribed to the woman 
or during stimulated cycles, where fertility drugs are 
prescribed to stimulate the production of oocytes and/ 
or to stimulate ovulation. 

The largest recent series of IUI in couples with SCI 
male partners was reported by Ohl et al. [117]. EEJ was 
used to obtain sperm from 121 anejaculatory men, 87 
of whom had SCI. Assisted reproductive techniques 
were applied in a stepwise fashion, beginning with 
IUI and proceeding to IVF in those couples failing at 
least three cycles of IUI. Thirty-two percent of couples 


Table 26.2. Summary of studies using intravaginal insemination in couples with male 


partners with SCI 


Pregnancies (n) 


Author, year Couples (n) Cycles (n) 
Sanksen et al, 1997 16 D 
Lochner-Ernst etal., 1997 22 D 
ehra etal., 1996 8 D 
Dahlberg etal., 1995 ND <4g¢ 
Elliott et al., 2003 31 D 
Rutkowski etal., 1999 17 45 
Hultling etal., 1997 19 D 
For each study, summarized are the total number of couples, the total number of 
attempts at pregnancy (cycles), and the total number of pregnancies. ND, no data 
2 Data estimated from information provided in study. 
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Table 26.3. Summary of studies using intrauterine insemination in couples with male partners with SCI 


Author, year Couples (n) Cycles (n) 
Sanksen etal., 1997 4 IZ 
Nehra etal., 1996 S 25 
Dahlberg etal., 1995 5 =< 90° 

Ohl etal, 2001 87 479 

Pryor etal., 2005 0 19 
Rutowski etal, 1999 5 10 
Taylor etal., 1999 4 92 
Chung etal., 1996 0 50 
Heruti et al., 2001 5 33 


For each study, summarized are the total number of couples, the total number of attempts a 


Pregnancies (n) 


Medications used in study 
CC/hCG 

None/CC/hAMG 

CC/hMG 


CC/AMG/hCG/LA 
CC/hCG 

D 

D 

CC/hCG 

D 


pregnancy (cycles), 


and the total number of pregnancies. Medications used in the study are listed. Some women had multiple cycles 


with different medications. CC, clomiphene citrate; hCG, human chorionic gonadotropin; h 


gonadotropin; LA, leuprolide acetate; ND, no data. 
2 Data estimated from information provided in study. 


G, human menopausal 


Table 26.4. Summary of studies using IVF/ICSI in couples with male partners with SCI 


Author, year Couples (n) Cycles (n) 
Hultling etal., 1997 25 5P 
Heruti et al., 2001 20 68 
Sønksen etal., 1997 8 0 
Brindten etal., 1997 35 85 
Shieh et al., 2003 9 1 
Lochner-Ernst etal., 1997 11 ND 
ehra etal, 1996 12 5 
Dahlberg etal., 1995 9 4 
Rutowski etal., 1999 2i 42 
Taylor etal., 1999 15 40 


Pregnancies (n) 
5 GnRH/h 
8 ND 

3 GnRH/h 
8 GnRH/h 
9 GnRH/h 
3 (2 sets of twins) ND 
6 

4 

8 

2 


Medications used in study 
G/FSH/hCG 


G/hCG 
G/FSH 
G/FSH 


LA/AMG/FSH/hCG 
CC/hMG 
ND 


1 ND 


For each study, summarized are the total number of couples, the total number of attempts at pregnancy (cycles), and the 
otal number of pregnancies. Medications used in the study are listed. Some women had multiple cycles with different 
medications. CC, clomiphene citrate; FSH, follicle-stimulating hormone; GnRH, gonadotropin-releasing hormone agonist; 
hCG, human chorionic gonadotropin; hMG, human menopausal gonadotropin; LA, leuprolide acetate; ND, no data. 


became pregnant with IUI alone, with a cycle fecun- 
dity of 8.7%. In those failing IUI, the IVF pregnancy 
rate was 37% per cycle. There was no correlation of any 
female management factor to IUI pregnancy rate. The 
only factor related to cycle fecundity was the insemin- 
ated total motile sperm count [117]. 

A cost analysis was performed on the retrospect- 
ive data. It was found to be cost-effective to perform 
EFJ on SCI men, and to use the semen specimens for 
IUI, aslong as anesthesia was not required to perform 
the EEJ. In men who required anesthesia, it was found 
to be cost-effective to go directly to IVE. Therefore, 
the current recommendation is to perform sperm 


aspiration under local anesthesia coupled with IVF, 
and not to perform EEJ/IUI in individuals who require 
anesthesia for the EEJ procedure to be performed. 


In-vitro fertilization (IVF)/intracytoplasmic sperm 
injection (ICSI) 

Advanced assisted reproductive technologies are 
available when fertilization by intravaginal insemina- 
tion or IUI is not possible or not indicated. In-vitro 
fertilization (IVF) may be performed with or with- 
out intracytoplasmic sperm injection (ICSI). Current 
IVF protocols develop embryos up to five days in 
vitro before transfer to the uterus [118]. The highest 
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pregnancy rates are obtained with transfer of high- 
quality blastocysts compared to transfer of poorly 
formed blastocysts [119]. 

IVF and ICSI have been used to achieve pregnancy 
in couples with SCI male partners. In the studies pre- 
sented in Table 26.4, pregnancy rates were 19-82% per 
cycle and 38-100% per couple. 

Although definitive studies have not yet been per- 
formed, pregnancy outcomes using sperm from men 
with SCI seem to be similar to those using sperm 
from nonSCI patients with male-factor infertility 
[120-122]. Although there are some studies showing 
impaired sperm function in men with SCI [84,123], 
these functional impairments apparently do not lower 
pregnancy rates in couples. These findings may reflect 
the increasing ability of laboratory-assisted reproduct- 
ive technologies to overcome all forms of male infertil- 
ity [124,125] . 


Summary 


The purpose of ejaculation is to allow rapid transport 
of sperm through the urethra into the vagina during 
intercourse to allow procreation. There are anatomic 
and neuroanatomic structures essential for ejaculation, 
and these structures are coordinated in a very exact way 
to allow normal ejaculation to take place. The organs 
involved in the process of ejaculation are the epididymis, 
vas deferens, prostate, seminal vesicles, bladder neck, 
and bulbourethral glands. The process is moderated and 
coordinated by the brain and certain spinal cord centers. 
A normal neuromuscular pharmacological milieu must 
be maintained. In certain situations, the sequelae of the 
primary condition causing the ejaculatory dysfunction 
result in sperm dysfunction as well. 

Currently, there are numerous options for assisted 
ejaculation and/or sperm retrieval in affected patients 
wishing to achieve fatherhood. Regardless of issues of 
fatherhood, men with ejaculatory dysfunction may seek 
help to restore normal sexual function. Identification of 
the point or points of disruption of the processes and 
structures involved in normal ejaculatory function can 
allow more precise and efficient management in either 
situation. 
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Stanton C. Honig and Jay |. Sandlow 


Introduction 


Male contraception has traditionally consisted of either 
barrier methods, such as condoms, or more perman- 
ent surgical techniques, such as vasectomy. However, 
men are now more likely than ever to participate in the 
choice of contraceptive techniques. Therefore, it has 
become quite important to develop less invasive, more 
tolerable, and more reversible methods of male contra- 
ception. This chapter will outline some of the more 
traditional methods of male contraception, as well as 
describe newer techniques, some of which are cur- 
rently available, others of which are on the horizon. 


Vasectomy 
Preoperative considerations 


Vasectomy is a safe and effective method of permanent 
contraception [1]. In the United States, it is employed 
by nearly 11% of all married couples and performed 
on approximately 500 000 men per year, more than 
any other urologic surgical procedure. However, 
fewer vasectomies are performed worldwide than 
female sterilizations by tubal ligation [2]. This is in spite 
of the fact that vasectomy is less expensive and associ- 
ated with much less morbidity and mortality than tubal 
ligation. Some men fear pain and complications, while 
others falsely equate vasectomy with castration or loss 
of masculinity. 

About 2-6% of patients undergoing vasectomy 
later seek reversal. With divorce rates at approximately 
50%, insurance for future costly fertility procedures 
should be addressed by the physician before vasec- 
tomy. In the authors’ practice, patients are informed 
that if they are considering sperm cryopreservation, 
they probably should reconsider having a vasectomy. 
It makes patients think about the permanent nature of 
the procedure. 


Male contraception 


Technical aspects 


The procedure should be performed in a warm room 
and using warm preparation solution to relax the scro- 
tum. Shaving should be performed in the room just 
prior to prepping, thus reducing the chance of infec- 
tion. The decision to utilize a single midline incision 
rather than bilateral incisions is left to the surgeon. 
However, it is the authors’ opinion that bilateral inci- 
sions are superior for several reasons. First, there is no 
chance of dividing the same side twice, as there is with 
a single midline incision (although this situation can 
be avoided by gently pulling on the vas and asking the 
patient to identify which side is being manipulated). 
Second, it is much easier to divide the vas far from the 
testis with bilateral incisions. This may help to prevent 
post-vasectomy congestive pain (see below). Finally, 
the longer the testicular vasal remnant, the greater 
the likelihood of a successful vasectomy reversal (if 
desired) [3]. Although this should not necessarily be 
a consideration when performing vasectomy, leaving 
a longer testicular remnant does nothing to lessen the 
chances of a successful vasectomy outcome. 


Local anesthesia 

Vasectomy is typically performed as an outpatient 
procedure using local anesthetics. Some physicians 
also give sedatives, such as diazepam, orally one hour 
before the procedure, in order to relax the patient. The 
choice of local anesthesia is determined by the surgeon, 
although the authors prefer a mixture of 1% plain lido- 
caine and 0.5% bupivacaine in a 1 : 1 ratio. The vas def- 
erens is separated from the spermatic cord vessels and 
manipulated to a superficial position under the scrotal 
skin. The vas is firmly trapped between the middle fin- 
ger, the index finger, and the thumb of the left hand. A 
small superficial skin wheal is raised using a 1.5-inch 
25-gauge needle. The needle is then advanced within 
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the perivasal sheath, and a small amount of local anes- 
thetic is injected around the vas without moving the 
needle in and out. This produces a vasal nerve block 
and minimizes edema at the actual vasectomy site [4]. 
The contralateral vas deferens may be anesthetized at 
the same time or just before addressing that side. A no- 
needle device is also available, utilizing a high-pressure 
jet injection of local anesthesia [5]. 


Conventional incisional technique 

After adequate anesthesia is induced, 1 cm bilateral 
transverse incisions are carried down through the vasal 
sheath until bare vas is exposed. The vas is delivered 
and the deferential artery, veins, and accompanying 
nerves are dissected free of the vas and spared. A small 
segment is removed and the ends occluded using one 
of the techniques described later in this section. Fluff 
gauze dressings are held in place by a snug-fitting ath- 
letic supporter. 


No-scalpel vasectomy 

This method was developed in China in 1974 [6] and 
introduced tothe United States in 1985 [4]. This method 
eliminates the incision, results in fewer hematomas 
and infections, and leaves a much smaller wound than 
conventional methods of accessing the vas deferens 
for vasectomy [7]. In the original description, a vasal 
nerve block is performed as described previously. The 
ring-tipped fixation clamp is grasped with the surgeon's 
dominant hand and opened while pressing downward, 
stretching the scrotal skin tightly over the vas and lock- 
ing the vas within the clamp. The ring clamp is placed 
in the other hand and the trapped vas is elevated with 
the index finger of that hand, tightening the scrotal 
skin over the vas. A sharp-pointed, curved mosquito 
hemostat (introduced through the same needle punc- 
ture hole used for anesthesia) is used to puncture the 
scrotal skin, vas sheath, and vas wall with one blade 
of the clamp. In an alternative method, particularly if 
the scrotum is thick or tight, following mobilization 
and anesthetization of the vas, the skin is punctured 
first with the sharp, curved hemostat and spread until 
the vertical slit-like opening is just large enough for 
introduction of the ringed clamp. The ringed clamp 
is introduced into the opening, the vas is grasped and 
brought up to the opening, and the surgeon proceeds as 
described earlier. The vas is then divided and occlusion 
is effected using one of the techniques described later in 
this section. Many authors advocate closing the fascia 
over one end of the cut vas (fascial interposition) in 
order to reduce the likelihood of recanalization [8,9]. 


After checking for bleeding, the authors use a small 
hemostat to tag the vasal ends in order to inspect for 
any bleeding prior to returning the vas to the scrotum. 
The contralateral vas is then approached in an identi- 
cal fashion. After both vasa are returned to the scro- 
tum, the puncture hole is pinched for a minute and 
inspected for bleeding. The puncture hole contracts 
and is virtually invisible. Antibiotic ointment is applied 
to the site, and sterile fluff dressings are held in place 
with a snug-fitting athletic supporter. Studies in the 
United States and China [4], as well as a large controlled 
study carried out in Thailand [10], comparing no-scal- 
pel with conventional vasectomy have clearly shown 
that the no-scalpel technique results in a significantly 
reduced incidence of hematoma, infection, and pain. 
In addition, the no-scalpel vasectomy is performed in 
about 40% less time. 


Histological evaluation 

Many urologists insist on removal of a segment of 
vas for pathologic verification, primarily for medi- 
colegal reasons. Even from the legal point of view, a 
pathologist’s report confirming the presence of vas in 
the vasectomy specimen offers little or no protection 
from litigation. Documented counseling, diligent 
follow-up to obtain at least one azoospermic semen 
specimen postoperatively, and careful selection of 
appropriate candidates for vasectomy in the first 
place provide the best protection from malpractice 
suits. 

Androlog, an internet-based discussion group 
for andrologists, addressed this issue and published 
their findings in the September/October 2006 issue of 
Journal of Andrology [11]. An international discussion 
relayed information regarding the benefits and draw- 
backs of sending vasectomy specimens to pathology. 

The major benefit of histological confirmation is 
removal of the appropriate organ. This does not guar- 
antee a successful outcome, however. If a specimen is 
not confirmed as the vas deferens, it signals the sur- 
geon that the operation is clearly not successful. We 
are sometimes confronted with a structure that we are 
not 100% sure is the vas deferens, as can happen with 
patients who have undergone orchidopexy for crypt- 
orchidism. Sometimes the vas is somewhat atretic, 
and histologic confirmation reassures the surgeon that 
what he removed was actually the vas deferens. 

Pathological confirmation does not confirm post- 
operative success, however. Success can only be con- 
firmed with postoperative semen analysis. In addition, 
pathological confirmation of vasa does not assure that 
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a segment was removed from both the left and right 
vasa, as opposed to two segments from the same vas 
deferens. In cases of postoperative failure, this gives 
lawyers more ammunition to confirm poor surgical 
technique. 
The American Urological Association (AUA) has 
a policy statement regarding the standard of care for 
sending vasectomy specimens. It reads as follows: 
Routine histologic confirmation is unnecessary in 
performing vasectomy. The American Urological 
Association, Inc. (AUA) recommends that physicians 
in practice and that residency training programs no 
longer require histologic confirmation of the vas defer- 
ens as a measurement of vasectomy success. The finding 
of azoospermia after a bilateral vasectomy is the stand- 
ard for success. The persistence of sperm in the semen 
after a bilateral vasectomy is a surgical failure regard- 
less of a pathologic confirmation that two segments of 
the vas were removed. The lack of clinical value makes 
the routine histologic evaluation of surgical specimens 
obtained by a surgeon experienced in performing vas- 
ectomies clinically unnecessary. The surgeon should 
decide whether a histologic evaluation is warranted. 
The surgeon should document in the patient’s record 
comprehensive preoperative counseling, careful patient 
selection, meticulous surgical technique, and whether 
azoospermia was achieved in the postoperative semen - 
Board of Directors, 1998, reaffirmed 2003. 


Therefore, for now, histologic confirmation of vas 
deferens is not considered the standard of care. 


Percutaneous vasectomy 

The Chinese have performed over 500 000 truly per- 
cutaneous vasectomies (and an equal number of vaso- 
graphies) using chemical occlusion with a combination 
of cyanoacrylate and phenol [12-14]. After fixation of 
the vas with the same ring clamp described earlier, the 
scrotal skin and vas wall are punctured with a 22-gauge 
needle and the lumen cannulated with a 24-gauge blunt 
needle. The needle’s position within the vas lumen is 
confirmed by a series of ingenious tests, with final con- 
firmation obtained by injection of Congo red into the 
abdominal side of the right vas deferens and methylene 
blue into the left vas. Injection of 20 uL of two parts 
phenol mixed with one part N-butyl-2-cyanoacrylate 
mixture through the 24-gauge blunt-tipped needle 
occludes the lumen. The patient voids at the termina- 
tion of the procedure. Excretion of red urine means 
the left side was missed. Blue urine means the right 
side was missed, and brown urine means both sides 
were successfully cannulated. Pharmacologic tests 
of the cyanoacrylate-phenol mixture in China have 


demonstrated no toxicity or carcinogenesis. However, 
these chemicals are not approved by the US Food and 
Drug Administration for use in the United States. 
Furthermore, gaining percutaneous access to the 300 
um diameter lumen of the vas is a feat requiring great 
skill and considerable training. 


High-frequency ultrasound 

High-frequency ultrasound has been used for percu- 
taneous vasectomy [15] and epididymal occlusion [16] 
in dogs. Occlusion is unreliable, and skin burns are 
problematic. To date, it does not appear that this will be 
a feasible method of vasectomy. 


Intra-vas device 

The intra-vas device is a flexible, hollow, silicone plug 
molded from medical grade silicone rubber. This device 
is placed in both the testicular and abdominal ends of 
the vas deferens following a hemivasotomy. The vas 
is either allowed to close spontaneously or is sutured 
with a small (6-0) stitch. Removal is similar, although 
the vas defect is typically closed with a small suture 
[17,18]. The device currently is being investigated in 
a multicenter trial for both contraceptive efficacy and 
reversibility. 


Methods of vasal occlusion and 
vasectomy failure 


The technique employed for occlusion of the vasal 
lumina may influence the incidence of recanaliza- 
tion. Suture ligature, still the most common method 
employed worldwide, may result in necrosis and 
sloughing of the cut end distal to the ligature. If this 
occurs on the testicular end of the cut vas, a sperm 
granuloma will result. If both ends slough, recanaliza- 
tion is more likely to occur. The incidence of vasectomy 
failure ranges from 1% to 5% when ligatures alone 
are used for occlusion. When the vasa are sealed with 
two medium hemoclips on each end, failure rates are 
reduced to less than 1% [19,20]. The diameter of hemo- 
clips, wider than that of sutures, distributes pressure 
more evenly on the vasal wall and results in less necro- 
sis and sloughing. 

Intraluminal occlusion with needle electrocautery, 
or battery-driven thermal cautery set at a power suf- 
ficient to destroy mucosa but not high enough to cause 
transmural destruction of the vas, reduces recanali- 
zation rates to less than 0.5% [21,22]. At least 1 cm of 
lumen should be cauterized in each direction. Thermal 
wires should be rotated to cauterize the entire mucosal 
surface. 
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Interposition of fascia between the cut ends, 
folding back of the vasal ends, and securing one end 
within the dartos muscle are all techniques that have 
been advocated with the intent ofreducing vasectomy 
failure rates [8,23]. It appears that fascial interposition 
may lead to lower rates of recanalization, regardless of 
the occlusion technique utilized [9]. 


Standards of successful outcome and 

postoperative semen testing 

No technique of vasal occlusion, short of removing the 
entire scrotal vas, is 100% effective [24]. There is no 
absolute standard of care when it comes to declaring 
a patient sterile. Follow-up semen analysis at least 2-3 
months post-vasectomy, with the goal of obtaining at 
least one and preferably two absolutely azoospermic 
specimens 4-6 weeks apart, is recommended [25]. 

There are no guidelines in the United States 
regarding successful outcome except for the recom- 
mendation of postoperative azoospermia. Whether 
the semen sample should be a centrifuged specimen 
remains unclear, as do the timing and the number of 
semen analyses. Although many urologists obtain a 
semen analysis at 6-8 weeks postoperatively, several 
papers suggest that only 72% and 85% of patients are 
azoospermic at 3 and 6 months, respectively [26]. Both 
time and number of ejaculations have been used to 
determine the optimal time to obtain the initial semen 
analysis. After 10-20 ejaculations, variable percent- 
ages (10-87%) of men will be azoospermic [25]. One 
publication [27] suggests that 62% and 97% of patients 
will have no sperm in the ejaculate at 3 and 4 months 
postoperatively. The researchers also found an 84% 
compliance rate with one postoperative semen analysis 
at 3 months compared with only 71% compliance with 
two specimens at 3 and 4 months. It is rare that once 
a patient has become azoospermic he will return for 
further semen analyses [28]. Smucker et al. surveyed 
patients to determine why they were noncompliant, 
and concluded that inconvenience was the most com- 
mon reason, not lack of understanding or forgetfulness 
[29]. 

The British Andrology Society recommends that 
patients should be instructed to have had at least 24 
ejaculations and preferably wait at least 16 weeks before 
submitting a first semen sample for review [30]. In 
their Guidelines for the Assessment of Post Vasectomy 
Semen Samples, the Society recommends that a freshly 
produced sample be examined for the presence of 
sperm, and if no sperm are seen, the centrifugate 


should be examined for presence of motile or nonmo- 
tile sperm. They advise that clinicians give clearance to 
discontinue other contraceptive precautions after two 
consecutive sperm-free ejaculates. The risk of pater- 
nity after vasectomy and postoperative azoospermia 
is estimated to be 1 in 2000 [31]. Smith et al. reported 
six cases of DNA-confirmed paternity after vasectomy 
and two consecutive negative semen analyses. This 
constitutes a late failure, likely from recanalization. 
Rare complete sperm in a spun semen analysis pellet 
are found in 10% of semen specimens at a mean of 10 
years after vasectomy [32]. 


Persistence of sperm in the ejaculate 

It is relatively clear that patients with motile sperm per- 
sistently present in the post-vasectomy ejaculate must 
be considered failures. This likely is a result of the vas 
being cut twice on the same side, or of early recanaliza- 
tion. Early failures also include patients who do not use 
continued protection before having semen analyses 
that show postoperative azoospermia. When to con- 
sider a repeat vasectomy based on persistent presence 
of motile sperm in the ejaculate is unclear. However, 
if the counts remain stable, the procedure should be 
repeated. 

Early persistence of nonmotile sperm in the ejacu- 
late isnot uncommon, and has been attributed to sperm 
residing in the vasal ampulla duct or seminal vesicles. 
This hypothesis has never been proven, however, and 
the possibility of recanalization certainly exists. A 
recent study suggests that if rare nonmotile sperm are 
found, contraception may be cautiously discontinued, 
as recent evidence demonstrates that these men will 
ultimately become azoospermic [33]. 

The British Andrology Society has addressed this 
problem by creating a category of “special clearance” 
for patients with persistent nonmotile sperm. The lab- 
oratory is asked to confirm viability of sperm with vital 
staining. If any motile sperm or substantial numbers of 
nonmotile sperm are present, clinicians are informed 
promptly, because many surgeons will opt to repeat the 
vasectomy. Patients with low sperm counts (< 1 mil- 
lion) of persistent nonmotile sperm in their ejaculates 
(after at least seven months and at least 24 ejaculations) 
may be given special clearance following appropriate 
oral counseling and written advice regarding the risk of 
pregnancy. The literature suggests that the risk of preg- 
nancy with persistent nonmotile sperm in the ejaculate 
is similar to pregnancy rates associated with postop- 
erative azoospermia [34]. These are British guidelines, 
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and the AUA policy statement states that “the persist- 
ence of sperm in the semen after bilateral vasectomy 
is a surgical failure” However, the AUA is currently 
developing guidelines for vasectomy that will specifi- 
cally address this issue. 


Complications 


Hematoma and infection 

Hematoma is the most common complication of vasec- 
tomy, with anaverage incidence of2% (range0.09-29%) 
[35]. Infection is relatively uncommon with the no- 
scalpel technique, although older series report rates from 
12% to 38% [36-38]. The experience of the vasectomist 
is the single most important factor relating to compli- 
cations [35]. The hematoma rate was significantly higher 
among physicians performing 1-10 vasectomies (4.6%) 
than among those performing 11-50 vasectomies (2.4%) 
or more than 50 vasectomies (1.6%) per year. A similar 
relationship was seen for hospitalization rate. 


Sperm granuloma 

Sperm granulomas form when sperm leak from the tes- 
ticular end of the vas. Sperm are highly antigenic, and 
an intense inflammatory reaction occurs when sperm 
escape outside the reproductive epithelium. Although 
sperm granulomas are rarely symptomatic, the presence 
or absence of a sperm granuloma at the vasectomy site 
seems to be of importance in modulating the local effects 
of chronic obstruction on the male reproductive tract. 
The sperm granuloma’s complex network of epithelial- 
ized channels provides an additional absorptive surface 
that helps vent the high intraluminal pressure in the 
obstructed excurrent ducts. Numerous animal studies 
have correlated the presence or absence of sperm granu- 
loma at the vasectomy site with the degree of epididy- 
mal and testicular damage. Species that always develop 
granulomas after vasectomy have minimal damage to 
the seminiferous tubules. Some studies of men undergo- 
ing vasectomy reversal have revealed somewhat higher 
success rates in men who have a sperm granuloma at the 
vasectomy site [39], whereas another large study has not 
[40]. Although sperm granulomas at the vasectomy site 
are present microscopically in 10-30% of men undergo- 
ing reversal, it is likely that, given enough time, virtu- 
ally all men develop sperm granulomas at the vasectomy 
site, the epididymis, or the rete testis. 


Long-term effects 


Long-term effects of vasectomy in humans may 
include vasitis nodosa, chronic testicular and/or 


epididymal pain, alterations in testicular function, 
chronic epididymal obstruction, and postulated sys- 
temic effects [41]. Although vasitis nodosa has been 
reported in up to 66% of vasectomy specimens in men 
undergoing vasectomy reversal [42], this entity does 
not appear to be associated with pain or significant 
medical sequelae. 

In humans, micropuncture studies have revealed 
that the markedly increased pressures that occur on 
the testicular side of the vas as well as the epididymis 
after vasectomy are not transmitted to the seminifer- 
ous tubules [43]. Therefore, little disruption of sperma- 
togenesis is expected in humans. Biopsies up to 15 years 
after vasectomy show the testes to be essentially nor- 
mal by light microscopy. Electron microscopic studies, 
however, have revealed thickening of the basal lamina 
and scattered areas of disrupted spermatogenesis in 
portions of the biopsy specimens [44]. Chronic orchi- 
algia and/or epididymal pain after vasectomy occurs in 
perhaps 1 in 1000 patients [45]. In some cases, vasec- 
tomy reversal might be considered or, alternatively, an 
open-ended vasectomy as described previously. The 
brunt of pressure-induced damage after vasectomy 
falls on the epididymis and efferent ductules. These 
structures become markedly distended and then adapt 
to reabsorb large volumes of testicular fluid and sperm 
products. When pain and tenderness are localized in 
the epididymis, very limited published data show that 
total epididymectomy relieves pain in 95% of men [46]. 
However, anecdotal experience does not always yield 
such optimistic results. 

Systemic effects of vasectomy have been postu- 
lated. Vasectomy results in detectable levels of serum 
antisperm antibodies in 60-80% of men [47,48]. 
Some studies suggest that the antibody titers diminish 
two or more years after vasectomy. Others suggest that 
these antibody titers persist. However, neither circulat- 
ing immune complexes nor deposits are increased after 
vasectomy in humans [49]. Studies in animals and 
humans have failed to find any association between 
antisperm antibodies and immune complex- 
mediated diseases such as lupus erythematosus, scle- 
roderma, rheumatoid arthritis, or myasthenia gravis 
[50]. 

Regardinga causal relationship between vasectomy 
and cardiovascular disease, early studies suggested 
that vasectomized monkeys had a higher incidence of 
atherosclerosis [51]. Although one study in cynomol- 
gus monkeys found more frequent and extensive 
atherosclerosis of the major vessels in previously 
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vasectomized monkeys fed a high-cholesterol diet 
[52], no evidence of excess cardiovascular disease 
[53], illness requiring hospitalization [54,55], or bio- 
chemical alterations [56] has been found in more than 
15 reports (12 employing matched controls) examin- 
ing thousands of men [57]. An immunologic basis was 
hypothesized. However, clinical data in humans have 
not confirmed this relationship, but population size 
was small and the study was of short duration [58,59]. 
The recent study by Goldacre et al. also showed no 
association between vasectomy and cardiovascular 
disease such as myocardial infarction, coronary heart 
disease, or stroke [58]. 

Major among the controversies is the possible link 
between vasectomy and prostate cancer. Studies have 
found an increased risk of prostate cancer in men who 
had a vasectomy 20 years previously [60,61]. But two 
large-scale cohort studies evaluated men from a wide 
range of socioeconomic strata and did not find a link 
between vasectomy and prostate cancer. Another 
study of vasectomy sequelae found no increased inci- 
dence of cancer or other diseases [57]. However, despite 
this evidence, many urologists have changed the way 
they practice and the way they counsel patients, screen- 
ing vasectomized men earlier [62]. 

Themostlikely explanation for the increased diag- 
nosis of prostate cancer in vasectomized men is detec- 
tion bias. Vasectomized men are more likely to visit a 
urologist and therefore are more likely to have cancer 
diagnosed earlier. Furthermore, men who choose to 
undergo vasectomy may be more likely to seek health 
care, increasing their opportunity for prostate cancer 
detection. A multidisciplinary National Institutes 
of Health panel concluded that the epidemiologic 
associations between vasectomy and prostate can- 
cer are weak. It recommended no change in clinical 
or public health practice and said that screening for 
prostate cancer should not be any different for vasec- 
tomized men [63]. Possible explanations for this asso- 
ciation include an immunologic response (antisperm 
antibodies), changes in androgen levels, alterations in 
local growth factors such as epidermal growth factor 
and transforming growth factor a, and decreased inhi- 
bition of factors responsible for prostate cancer [64]. 
No basic science studies have confirmed any of the pos- 
tulated explanations. 

Significant concerns about the safety of vasectomy 
and prostate cancer first arose in 1990 when the publi- 
cation of two case-control (retrospective) studies sug- 
gested an increased risk of prostate cancer for men who 


had undergone a vasectomy [65,66]. The analysis of a 
further set of cases and controls from one of these hos- 
pital-based surveillance systems found no significant 
association, suggesting that the earlier conclusion was 
due to chance [67,68]. Further reviews of these studies 
by a panel of experts at the World Health Organization 
concluded that there did not appear to bea relationship 
between vasectomy and prostate cancer [69]. However, 
the panel also recommended that additional research 
should be conducted to examine this link. Controversy 
was renewed again in 1993 when Giovannucci and col- 
leagues published two large cohort studies (one pro- 
spective, one retrospective) showing a significantly 
increased risk of prostate cancer, especially for men 
20 or more years after having a vasectomy [60,61]. The 
studies evaluated large numbers of health profession- 
als and husbands of nurses through mailed question- 
naires. A committee from the American Urological 
Association reviewed the existing data and literature 
and concluded that there was not convincing evidence 
of a link between vasectomy and prostate cancer [69]. 
This decision was based on data that were subsequently 
published suggesting no relationship was present 
[65,70,71]. The committee recommended that men 
who had had a vasectomy undergo screening for pros- 
tate cancer in the same manner as those who had not 
had a vasectomy, and that they should be advised of a 
possible link between vasectomy and prostate cancer 
[69]. Since 1995, subsequent studies from the National 
Institutes of Health, US academic centers, and interna- 
tional institutions have continued to question the valid- 
ity of a significant relationship between vasectomy and 
prostate cancer [68,70-75]. Despite numerous stud- 
ies reporting inconclusive evidence of a link between 
prostate cancer and vasectomy, the initial media atten- 
tion surrounding this controversy continues to have 
an effect on urologists, who may be inclined to screen 
vasectomized men earlier for prostate cancer or to dis- 
courage vasectomy in men with a strong family his- 
tory of prostate cancer [62]. A recent study based on 
long-term follow-up examined the possibility ofa rela- 
tionship between vasectomy and prostate cancer. This 
cohort study evaluating almost 25 000 patients under- 
going vasectomy showed no elevated risk of cancer of 
the prostate [64]. Based on the existing data, there is 
no evidence that vasectomy results in a higher short- 
or long-term incidence of prostate cancer. 

Historical, conflicting data about the possibility 
of an elevated risk factor for testicular cancer in men 
having undergone a vasectomy further complicates the 
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informed discussion between practitioner and patient 
regarding the safety of vasectomy [74,76-78]. The 
recent cohort study also showed no higher incidence of 
testis cancer in patients undergoing vasectomy [64]. 


Hormonal treatment 


The concept of male hormonal manipulation for 
contraception predated the era of female hormonal 
contraception by 20 years. In 1939, two investigators 
independently tested testosterone for suppression of 
spermatogenesis [79,80]. Since that time, female birth 
control pills have dominated the contraceptive market. 
The bar has been set quite high to improve upon safety, 
efficacy, and reversibility. 

In 2007, the 10th Summit Group published their 
updated recommendations for regulatory approval for 
hormonal malecontraception. This international group 
was designed to review the status of clinical develop- 
ment projects for male hormonal contraception [81]. 
Although much hasbeen published regarding the safety 
and efficacy of different methods of hormonally based 
male contraception, there has been no clear consensus 
as to how to measure successful suppression of sper- 
matogenesis, inclusion criteria for studies, reversibility 
of treatment, length of study to determine safety, and 
power of study necessary to prove efficacy. The ideal 
hormonally based male contraceptive would be safe, 
affordable, 100% effective, reversible, with no short- or 
long-term side effects. Such a drug does not exist at the 
present time. There have been several review articles 
published in the last few years on male contraception 
[82-88]. The purpose of this section is to review the 
published data regarding hormonally based male con- 
traceptive treatment options. 

An understanding of the endocrinology of male 
reproduction, specifically the male hypothalamic- 
pituitary-gonadal axis, and the basic science ofsperma- 
togenesis is required to understand the methodologies 
utilized for male contraception. This is nicely sum- 
marized in Chapters 2-5 and will not be repeated in 
detail here. Briefly, spermatogenesis is regulated by the 
pulsatile release of gonadotropin-releasing hormone 
(GnRH), which stimulates the anterior pituitary to epi- 
sodically release follicle-stimulating hormone (FSH) 
and luteinizing hormone (LH). LH stimulates the 
Leydig cells to produce testosterone, which has a local 
effect on the interstitium and seminiferous tubules and 
results in sperm production and maturation. FSH acts 
directly on the Sertoli cells to promote spermatogen- 
esis. The complex interplay between testosterone, FSH, 


Table 27.1. Male hormonal contraceptive options 


Testosterone 
Testosterone propionate 
Testosterone enanthate 
Testosterone undecanoate 
Testosterone buciclate 


7a-methyl-19-nortestosterone (MENT) 


Testosterone gels 

Testosterone-progestin combinations 
edroxyprogesterone acetate (MPA and depoMPA) 
Cyproterone acetate (CPA) 

Levonorgestrel (LNG) 

Desogestrel and etonogestrel 


Dienogest (DNG) 


orethisterone (NET, NETA, nestorone gel) 
Testosterone with GnRH analogs 
GnRH agonists 

GnRH antagonists 


Selective androgen receptor modulators (SARMs) 


and other factors is important for normal sperma- 
togenesis. Inhibin B is released by Sertoli cells and acts 
as a negative feedback on FSH. Testosterone and estra- 
diol are negative feedback modulators of GnRH. 
Endocrinological treatment strategies for male 
contraception are listed in Table 27.1 [88]. 


Testosterone alone 


In 1939, independent studies on male contracep- 
tion were performed by Heckel and McCullagh with 
short-acting testosterone propionate (TP) [79,80]. 
Subsequent studies revealed reversible azoospermia by 
60 days in some patients with daily use of 25 mg IM 
testosterone propionate [89]. Improved frequency and 
dosage was achieved with the advent of longer-acting 
testosterone enanthate (TE), spurring interest in stud- 
ies with an improved delivery frequency. 

The WHO, in conjunction with the Contraceptive 
Research and Development program (CONRAD), 
conducted two large multicenter studies on testo- 
sterone enanthate. In the initial multicenter study 
conducted in seven countries, subjects received 200 
mg TE IM weekly and used no other contraception 
for one year once sperm concentrations fell below 
3 million/mL [90]. This study revealed that 70% of 
271 patients became azoospermic after six months of 
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treatment. The mean time to azoospermia was three 
months. The azoospermic patients were enrolled in 
a 12-month efficacy phase, in which one pregnancy 
occurred. Sperm reappeared in the ejaculate in 11 
patients. Once the testosterone was discontinued, the 
mean time to sperm recovery was 3.7 months. Of note, 
this international study revealed that 91% of Asian 
and 60% of Caucasian patients became azoospermic, 
suggesting an ethnic difference in endocrine response. 
This difference has been seen in subsequent studies. 
Possible explanations include differences in levels of 
5a-reductase levels in these groups [91], lower base- 
line testosterone levels, or differing negative feedback 
responses. 

The second WHO testosterone study was per- 
formed as a 15-center, 9-country study with 399 
volunteers. In 98% of men spermatogenesis was sup- 
pressed to below 3 million/mL with weekly 100 mg 
IM TE after induction phase with 200 mg IM TE [92]. 
There was a significant difference in pregnancy rates 
between azoospermic patients (1.4 pregnancies/100 
person-years) and patients between 0.1 and 3 mil- 
lion/mL (8.1 pregnancies/100 person-years). 
Approximately 25% of patients discontinued the 
study for personal reasons, such as dislike of injec- 
tions, or for medical reasons. This study confirmed 
the relative efficacy of treatment, and laid the ground- 
work for further studies with different longer-acting 
testosterone regimens. 

A phase 2 multicenter study was performed with 
longer-acting monthly injections of testosterone unde- 
canoate (TU) in 380 Chinese men. In 76% of patients, 
spermatogenesis was sufficiently suppressed to lead to 
the initiation phase. If suppression was to azoosper- 
mia or less than 3 million/mL, there were no pregnan- 
cies. However, there was reappearance of sperm in five 
patients, with one pregnancy [93]. 

Studies with testosterone buciclate (TB), another 
long-acting testosterone derivative, were initially 
performed by the WHO collaborating center and 
showed moderate suppression of spermatogenesis at 
a dose of 1200 mg IM monthly. Minimal side effects 
were noted, and this set the stage for combining long- 
acting testosterone with progesterone derivatives 
[94]. 

A dose-response trial of 7a-methyl-19-nortes- 
tosterone (MENT) was initiated in 35 healthy volun- 
teers to assess effects of serum gonadotropins and sperm 
production [95]. This synthetic androgen is more potent 
than testosterone, it is resistant to 5a reduction, and it 


has diffusion characteristics that make it well suited fora 
depotimplant. Initial data showed relatively good results, 
but typical testosterone-related side effects occurred. 

Newer delivery systems have been FDA-approved 
for the treatment of hypogonadism, but it is unclear 
whether men would tolerate daily gel application of 
testosterone. Studies combining testosterone gel with 
other agents are under way. 

Use of testosterone alone has side effects, including 
acne and oily skin, mood changes, increased hemoglo- 
bin and hemocrit, weight gain, decrease in testicu- 
lar volume, sleep apnea, gynecomastia, and possible 
effects on cholesterol. There are no long-term data on 
testosterone use in normal males with regard to pros- 
tate symptoms, growth, or cancer. In an era of fear of 
using medications on relatively healthy individuals, 
acceptability of routine use may be a major concern, 
given recent data on medical treatment of menopause 
with estrogen/progestin therapy. In addition, anabolic 
steroids are a controlled substance, and regulation of 
this industry is very strict at this time. Abuse of these 
drugs could easily become prevalent with its wide- 
spread use and availability for contraception. 

Although data suggest that testosterone therapy 
will create a milieu of oligospermia and/or azoosper- 
mia in most cases, its reliability is clearly uncertain 
at this point. The efficacy bar has been set very high 
with “the pill” Greater efficacy, with fewer short- and 
long-term side effects, will be needed before use of tes- 
tosterone alone becomes a viable option. In addition, 
close follow-up with regular semen analyses is neces- 
sary since there may be breakthroughs in sperm sup- 
pression. However, the use of testosterone with other 
agents may have more promise. 


Combination therapy 


Significant side effects and lack of high efficacy with 
testosterone alone have pushed researchers towards 
combination therapy. The goal of combination therapy 
is to effectively create sterility while utilizing a lower 
dose of testosterone to maintain physiological levels. 


Testosterone and progestins 


Progestins have been used in multiple small studies 
for suppression of spermatogenesis and testosterone 
production in men. Progestins utilized alone result in 
significant side effects such as loss of libido and erectile 
dysfunction. The mechanism of action of progestins is 
thought to be either negative feedback on the pituitary- 
gonadal axis, inhibition of LH receptor expression, or 
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direct effect on sperm [96,97]. Progestins alone cannot 
suppress spermatogenesis in dosages safe for adminis- 
tration and without significant side effects. However, 
combining lower doses of progestins with testoster- 
one supplementation to restore exogenous testoster- 
one may improve safety and efficacy, and lessen side 
effects. 


Medroxyprogesterone acetate (MPA and depot MPA) 
The contraceptive efficacy of medroxyprogesterone 
acetate (MPA) has been studied since the 1970s [84]. 
Unlike studies on testosterone monotherapy, rand- 
omized, multicenter, large-population studies evaluat- 
ing efficacy of testosterone/progestin preparations are 
few [98]. 

A recent review of MPA/testosterone preparations 
showed that only 67% of patients receiving MPA with 
different testosterone preparations achieved azoosper- 
mia [99]. The 1993 WHO study comparing testosterone 
alone and 19-nortestosterone with depot MPA showed 
consistent azoospermia in 95.6% and 97.8%, respec- 
tively, in 90 Indonesian males [100]. From these data, it 
was not clear whether the effect was from testosterone 
alone or from combination therapy. Subsequent stud- 
ies [101] in 55 men with testosterone implants plus 
depot MPA showed suppression to below 1 million/ 
mL in 94% of patients, with no pregnancies in this sup- 
pression subgroup. Median time to counts returning 
to 20 million/mL was five months, but return to base- 
line numbers took much longer, suggesting an accu- 
mulation of drug in adipose tissue. These studies were 
performed in the Asian population only. Recently, two 
papers reported on the same group of 38 men with tes- 
tosterone gel and depot MPA for sperm suppression, 
and evaluated patient acceptability of this combination 
[102,103]. Over 90% of patients had sperm suppres- 
sion to below 1 million/mL, but acceptability was low, 
with only 45% saying they would use it if commercially 
available; one-third of patients said it would interfere 
with their daily routine, and questionnaire data showed 
mild changes in overall satisfaction with sexual activity 
and ejaculatory function. Interestingly, a subgroup of 
patients received GnRH antagonist, but there was no 
additive effect in terms of sperm suppression. A recent 
study by the same group looked at factors that might 
differentiate azoospermic groups from nonazoosper- 
mic groups [104]. They showed increased levels of 
insulin-like factor 3 (INSL3) in the nonazoospermic 
group, and hypothesized that this may be the target for 
refining future treatment. 


Cyproterone acetate (CPA) 

Cyproterone acetate (CPA) is an active antiandrogen 
with progestin effects. It has been studied as hormone 
deprivation for prostate cancer. It has profound effects 
on libido, energy, and decreases in hematocrit. Multiple 
studies have been performed with combination CPA 
and TE or TU [105-112]. Doses ranging from 25 to 
100 mg/day have suppressed spermatogenesis, but side 
effects have precluded subsequent studies. It has been 
postulated that antiandrogens may work well to sup- 
press the effects of residual intratesticular testosterone 
not suppressed by other means [84]. 


Levonorgestrel (LNG) 

Several small studies [99,113-115] have been per- 
formed with levonorgestrel (LNG). This progestin is 
either an oral or an implant preparation. Unfortunately, 
the studies performed with a combination of LNG and 
testosterone resulted in only partial suppression of 
spermatogenesis even in the Asian population. The 
concept of a two-implant preparation of progesterone/ 
testosterone is appealing, but data regarding efficacy 
with this progestin are lacking at the present time. 


Desogestrel and etonogestrel 

Desogestrel is a potent oral progestin that is converted 
to the active agent etonogestrel. Initial small studies per- 
formed with doses of 75, 150, and 300 g/day showed var- 
iable results. A two-center study in Scotland and China 
with oral desogestrel 300 ug PO/day and 400 mg depot 
testosterone SC pellets led to suppression of sperma- 
togenesis with azoospermia in 100% ofmen [116]. There 
was noted to be a rise in high-density lipoprotein (HDL) 
and weight gain. A subsequent study of 21 African men 
given desogestrel and testosterone pellets showed simi- 
lar results, but slightly less complete suppression with 
no negative effects on lipoprotein or hemoglobin [117]. 
Another study, with 15 patients taking etonogestrel and 
testosterone pellets at three-month intervals, resulted in 
azoospermia in all subjects by 28 weeks [118]. A subse- 
quent larger study (n = 130) by the same investigators 
showed excellent sperm suppression with combination 
implant when utilized monthly [119]. The combination 
of this two-drug pellet given every three months is a 
very palatable option for patients. A multicenter phase 
2 trial was initiated in 2003, but terminated in 2006 by 
Schering-Organon for unclear reasons. 


Dienogest (DNG) 
Dienogest (DNG) is a progestin with a lower degree 
of antiandrogenic and estrogenic activity. Preliminary 
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data suggest that it can suppress gonadotropins with- 
out adverse side effects [111]. Minimal data are avail- 
able on the subject of sperm suppression. 


Norethisterone (NETE, NETA), nestorone gel 
Norethisterone is a depot female contraceptive with 
similar effects to testosterone undecanoate, making 
this combination attractive for male contraception. A 
1988 study showed suppression with a combination of 
oral norethisterone and TU [120]. Subsequent studies 
have shown high efficacy in a small group of Caucasian 
patients (74 total patients) with either oral or IM nor- 
ethisterone and testosterone undecanoate [121,122]. 
Treatment at eight-week intervals resulted in a higher 
azoospermic rate than 12-week treatment. No short- 
term changes in the prostate were seen. Longer-term 
studies are necessary to better evaluate changes in 
prostate size, prostate-specific antigen (PSA), etc. This 
combination is very attractive for a depot, since the 
eight-weekly injection of both testosterone and nor- 
ethisterone is highly efficacious in a potentially sin- 
gle injection. In addition, a clinical trial is under way 
evaluating a combination of nestorone gel with testos- 
terone gel. 


Testosterone and GnRH analogs (agonists 


and antagonists) 


GnRHis released ina pulsatile fashion that is thought to 
be responsible for the episodic release of LH and FSH. 
GnRH agonists work by having paradoxical antigo- 
nadotropic effects through the down-regulation of 
GnRH after an initial GnRH surge. GnRH antagonists 
cause competitive inhibition of GnRH receptors. They 
are familiar to clinicians for the regulation of ovulation 
induction, and in the treatment of advanced prostate 
cancer and endometriosis. 

There have been 12 clinical trials with different 
GnRH agonists and testosterone, resulting in a com- 
bined 23% suppression to azoospermia in a total of 
106 patients [123,124]. It appears that the lack of sup- 
pression is related to breakthrough of FSH secretion. 
Therefore, at this point, this combination has not been 
actively pursued. 

However, trials combining TE and GnRH antag- 
onists seem to have better results. Several studies 
dating back to the early 1990s suggest a rapid onset 
of suppression of spermatogenesis to azoospermia 
[125-129]. This group of studies, each with small 
populations, suggested a good response to this 
combined therapy. When GnRH was stopped, and 


maintenance was performed with testosterone alone, 
suppression of spermatogenesis was not maintained 
[130]. Initial trials were performed with short-acting 
GnRH antagonists, which had local side effects such 
as significant irritation at the injection site. With the 
longer-acting GnRH antagonists having fewer local 
side effects, this therapy may take on a more critical 
role in the future. 


Selective androgen receptor modulators 
(SARMs) 


Selective androgen receptor modulators mimic the 
central and peripheral androgenic and anabolic effects 
of testosterone and are being investigated for treatment 
of prostate disease. In animal models, SARM C6 was 
found to induce significant suppression of sperma- 
togenesis [131]. This serves as an interesting model 
for testing in humans as either primary or adjunctive 
therapy. 

In summary, is not completely clear why testoster- 
one, either alone or in combination, does not suppress 
spermatogenesis completely, or results in evidence 
of “breakthrough” sperm production. Two theories 
suggested are incomplete suppression of FSH and 
persistent or episodic incomplete suppression of intrat- 
esticular testosterone that allows for low levels of sperm 
production [88]. Recent studies have shown increased 
levels of insulin-like factor 3 (INSL3) in incompletely 
suppressed patients [104]. 

Male hormonal contraception is approaching the 
high bar set by “the pill” and vasectomy. However, 
much more work is necessary to determine the com- 
bination therapy providing the best timing, efficacy, 
short- and long-term safety before it will reach phase 
3 trials. The criteria for studies on treatment modali- 
ties from the 10th Summit Meeting on Hormonal Male 
Contraception (2006) are listed in Table 27.2 [81]. 


Immunocontraceptives 


Along with hormonal manipulation, immunocontra- 
ception appears to offer reasonable hope for a nonsur- 
gical contraceptive option in men [132]. It appears to 
fulfill the criteria necessary for further study, including 
the ability to synthesize vaccines relatively cheaply, pro- 
vide effective contraception, have a minimum of side 
effects, and be reversible. The molecules that have been 
studied include those that target gamete production 
(luteinizing hormone-releasing hormone [LHRH]/ 
GnRH, FSH]), gamete function (sperm antigens and 
oocyte zona pellucida [ZP]), and gamete outcome 
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Table 27.2. Criteria for studies on treatment modalities. (From Nieschlag E. 10th Summit Meeting consensus: recommendations for 
regulatory approval for hormonal male contraception. Contraception 2007; 75: 166-7 [81]. With permission from Elsevier.) 


1. Phase 2 studies evaluating efficacy should use WHO sperm concentration parameters and the goal should be suppression 
< 1 million/mL. 


2. After cessation of therapy, patients need to be followed until normal fertility is restored (criterion utilized is 20 million/mL). 
3. Inclusion criteria must include men with sperm concentrations > 20 million/mL. 


4. Open label, noncomparative contraceptive efficacy studies are acceptable if the primary endpoint is not susceptible to bias, e.g., 
pregnancy rate. 


5. For efficacy, two independent phase 3 trials for 1 year from suppression to < 1 million/mL should include 200 men/couples per trial. 


6. For safety, new agents require studies with 300-600 men for 6 months at the intended combination and dose, 100 men exposed for 
1 year, and a total of 1500 men in phase 1-3 studies at a minimum. 


7. Long-term safety will be monitored by post-marketing surveillance. 


8. Laboratory data need to be performed under strict quality control. 


(human chorionic gonadotropin [hCG]) [133]. This 
section will outline some of the more promising immu- 
nocontraceptives that have been studied. 


Gamete production 


In that GnRH stimulates pituitary secretion of gonado- 
tropic hormones, it was logical to predict that immu- 
noneutralization of GnRH would prevent endogenous 
GnRH from binding to its gonadotropin receptors, and 
would thereby delay sexual maturation in adolescent 
animals and cause gonadal atrophy in adults, arrest of 
gametogenesis, and libido loss. The effects of vaccina- 
tion using a GnRH vaccine in the dog and the rat were 
reversible [134]. One obvious drawback to this method 
in humans is the loss of hormone production. 

Human FSH (hFSH) and ovine FSH (oFSH) have 
also been studied as possible target antigens. Attempts 
were made to use hFSH linked to cholera toxin and 
interleukin to produce effective antibodies. The immu- 
nization using hFSH caused a 75-100% decease in 
sperm counts in the ejaculate. The fertility of male 
monkeys after hFSH immunization was significantly 
reduced, as well as the ability of spermatozoa to pen- 
etrate hamster ova [135]. To date, no studies have been 
performed on humans. 


Gamete function 


Development of a vaccine(s) based on sperm antigens 
represents a promising approach to contraception. 
The utility of a sperm antigen in immunocontra- 
ception is contingent upon its tissue specificity and 
involvement in fertility, and on raising high antibody 
titers, especially locally in the genital tract, that are 
capable of inducing reversible infertility. Several 


sperm antigens, such as lactate dehydrogenase C4, 
PH-20, sperm protein (SP)-10, fertilization antigen 
(FA)-1, FA-2, cleavage signal (CS)-1, NZ-1, and NZ-2 
have been proposed as potential candidates for the 
vaccine development. Sperm-ZP binding is a pivotal 
issue, a mostly species-specific event in the fertiliza- 
tion process, and the molecules involved in this site 
constitute the most exciting candidates for immuno- 
contraception [136,137]. 


Proteins interacting with zona pellucida (ZP) 
RSA-1/SP-17 are families of low molecular weight 
membrane glycoproteins (14, 16, 17, 18 kDa) that 
function as ZP binding proteins. These autoantigens 
were immunolocalized on the rabbit sperm surface to 
the postacrosomal region of the head. Immunization of 
mice with a synthetic peptide based on an RSA-1 B-cell 
epitope reduced fertility by 80% compared to controls 
[138]. SP-17 peptide epitope was used as contraceptive 
vaccine in an animal model [139]. 

The fertilization antigen 1 (FA-1) is a glycoprotein 
first identified on the postacrosomal region, midpiece, 
and tail of human sperm cell membranes by a mono- 
clonal antibody (MA-24) isolated from mice immu- 
nized with human sperm [140]. MA-24 antibody to 
FA-1 completely prevented human sperm function, 
and fertilization in vitro in rabbit and mouse [141]. 
The mechanism is by FA-1 reaction with ZP3 to block 
sperm-egg interaction. Active immunization of ani- 
mals with recombinant FA-1 antigen causes a long- 
lasting reversible inhibition in fertility by raising a 
sperm-specific immune response. This antigen may 
also be involved in human immunoinfertility. 

The mouse sperm plasma membrane antigen 
M42 is a relatively diffusible 200/220 kDa doublet 
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glycoprotein found at the posterior region of mouse 
sperm heads. A mAb directed against this protein, 
M42 mAb, blocks mouse fertilization in vitro in a 
concentration-dependent manner; such inhibition 
depends upon the presence of the ZP. M42 mAb spe- 
cifically inhibits induction of the acrosome reaction 
(AR), and does not interfere with sperm-ZP binding 
or with sperm penetration through the ZP once the 
AR has been triggered [142]. 

P95 is a 95 kDa protein that localizes to the anter- 
ior region of mouse sperm and contains phosphory- 
lated tyrosine residues. Studies have suggested that 
P95 is the ligand for ZP3 and possesses tyrosine kinase 
activity that initiates the AR cascade. The inhibition of 
kinase activity using tryphostin completely blocked 
sperm AR and sperm-egg interaction. Studies with 
the antibody to P95 found a significant reduction of 
human sperm binding to human ZP and a complete 
block of ZP penetration in a concentration-dependent 
manner [143]. 

B-1,4-galactosyl-transferase (b-GTase) is areceptor 
in sperm plasma membrane surface for ZP3 binding 
and involves sperm-egg recognition during fertiliza- 
tion. Antibodies to GTase can inhibit sperm binding 
to eggs or mZP3. Since GTase is present on both acro- 
some-intact and acrosome-reacted spermatozoa func- 
tion, it would not appear to be a good candidate for a 
contraceptive vaccine as it shows no tissue specificity in 
its expression [144]. 


Sperm-specific LDH-C, 

The testis-specific isozyme lactate dehydrogenase C, 
(LDH-C,) described by Goldberg and colleagues is 
perhaps the most extensively characterized sperm 
antigen [145]. LDH-C, functions in lactate metabolism 
and glycolysis of developing and mature spermato- 
zoa. Although the somatic lactate dehydrogenases are 
cytoplasmic, LDH-C, is localized both intracellularly 
and extracellularly. Beyler et al. identified LDH-C4 
on the surface of human and murine sperm using a 
solid phase radioimmunoassay with rabbit anti-mouse 
LDH-C, antisera [146]. Furthermore, the agglutinating 
and cytotoxic effects of anti-LDH-C, antibodies impli- 
cated their binding to the sperm surface. The LDH-C 
subunit is an independent gene product expressed 
only in spermatogenic cells, and is immunologically 
distinct from the LDH-A and LDH-B subunits [147]. 
Identification of this tissue-specificity led to the inves- 
tigation of LDH-C,’s antigenicity and its potential as 
an immunocontraceptive. Active immunization with 


LDH-C, suppressed fertility in a variety of mam- 
malian species, including both male and female pri- 
mates [148]. The observed effects were attributed to 
multiple immunologic mechanisms. In one study, the 
immunodominant B-cell epitope of human LDH-C, 
was tested as a peptide vaccinogen in female baboons 
[149]. This LDH-C, peptide-diphtheria toxoid conju- 
gate was shown to decrease fertility by 75% compared 
to controls. Furthermore, the contraceptive effect was 
reversed within one year after the final immunization. 
Since serum antibody titers did not directly correlate 
with infertility, the report suggested that cell-mediated 
immunity rather than humoral immunity might be 
the critical effector mechanism. In this view, LDH-C F 
research can provide useful background information 
for the development of other types of immunocontra- 
ceptive technology. 


Acrosomal proteins 

Acrosin is a member of the serine protease fam- 
ily that is localized within the acrosome membrane 
of mammalian sperm. It plays an important role in 
the AR and sperm-egg binding during fertilization. 
Antibodies to acrosin have been shown to inhibit fer- 
tilization in the human and rabbit, but not in sheep 
[144]. 

Herr and colleagues identified the testis/sperm- 
specific, intra-acrosomal sperm antigen SP-10 (18-34 
kDa) using MHS-10, a mAb generated against whole 
human spermatozoa. MHS-10 was studied for in- 
vitro fertilization, and the results demonstrated 
that mAb can inhibit the acrosome reaction, as well 
as sperm fertilization in human, bovine and mouse 
[150]. SP-10 is currently under investigation as a 
model sperm antigen for the development of an oral 
contraceptive recombinant form of the human SP-10 
antigen. 


Epididymal proteins 

Eppin is a testis/epididymal-specific protein that 
binds to semenogelin. A report examining the 
immunization of nonhuman male primates dem- 
onstrated reversible infertility in 58% of animals 
tested. The authors speculated that the antibodies 
to eppin interfere with the interaction of eppin on 
the sperm surface to semenogelin, thus preventing 
fertilization. However, the authors pointed out that 
high serum titers of the antibody were necessary 
for contraception [151,152]. Studies are currently 
under way to further characterize this as a possible 
immunocontraceptive. 
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Nonhormonal contraception 

Gossypol, nitroimidazole derivatives, 
Tripterygium wilfordii 

The plant product gossypol has been utilized as a 
reversible contraceptive. It is a natural constituent of 
cottonseed oil and has been reported in several reviews 
to have effects on fertility [153,154]. Side effects include 
nausea and weakness due to hypocalcemia, with severe 
cases causing paralysis. Experimentally, gossypol has 
been shown to cause irreversible damage to the germi- 
nal cell epithelium, and this has been documented in 
long-term use in human males as well. Gossypol exists 
in two isomers, which differ in both their toxicity and 
fertility-suppressing characteristics. Unfortunately, 
efforts at separating these two isomers have been 
unsuccessful, and therefore gossypol does not seem to 
be an acceptable form of male contraception. Another 
plant derivative has been utilized. Whereas gossypol 
acts as a spermatogenic suppressant, Tripterygium 
wilfordii prevents sperm migration. However, this 
also has toxic side effects that have prevented clinical 
application [155]. 


Heat 


Heat has been shown to negatively influence sperm- 
atogenesis and sperm maturation. Assessment of the 
contraceptive efficacy of a daily mild increase (1-2°C) 
in testicular temperature during waking hours was 
reported in nine couples using two techniques of 
immobilization of the testes in a suprascrotal position 
(close to the inguinal canal). In the first technique, 
immobilization was achieved with specific underwear; 
there was one undesired pregnancy from a man who 
stopped the heating for three weeks. With the second 
technique, immobilization was achieved by adding a 
supplementary ring to the specific underwear; there 
were no pregnancies. These methods were found to 
be both safe and reversible. This study suggested that 
a daily mild increase in testis temperature could be a 
potential contraceptive method for men. Although the 
authors were able to reduce the pregnancy rate, it was 
not a consistent finding and was associated with a high 
failure rate [156]. 


Compounds with antispermatogenic action 


These compounds target Sertoli cell-germ cell junc- 
tions, preventing maturation and/or increasing germ 
cell depletion. These drugs cause premature release 
of the developing sperm into the tubular lumen, 


thus leading to infertility [157]. Lonidamine (1-[2,4- 
dichlorobenzyl]-1H-indazole-3-carboxylic acid) is an 
anticancer drug. During the course of examining its 
mechanism of action and toxicity, it was found that 
lonidamine did not target rapidly dividing cells; rather, 
it became associated with biological membranes, caus- 
ing conformational changes that resulted in the disrup- 
tion of the respiratory process in cells that contained 
condensed mitochondria, such as tumor cells sensi- 
tized by X-irradiation and certain types of germ cells, 
such as spermatids and spermatocytes. Studies to date 
have been in rats only, but they have shown no effect on 
hormonal status, including LH, FSH, and testosterone 
levels, and results have been completely reversible. 


Epididymal factors 

Recent animal studies have examined the role of the 
epididymis in male contraception. Inducing sterility 
by altering sperm transport through the epididymis 
has not yet been achieved. The induction of infertility 
in males of several species is easier to achieve by direct 
actions of drugs on sperm function (e.g., inhibition 
of sperm-specific isozymes of the glycolytic pathway 
by chloro-compounds) than by indirectly reducing 
amounts of epididymal secretions normally present in 
high concentration (e.g., a-glucosidase, L-carnitine). 
Drugs that affect sperm function show clinical promise, 
since human spermatozoa are susceptible to inhibition. 
Targeting a specific sperm protein acquired in the testis, 
but depleted in the epididymis by toxicants that induce 
rapid infertility, may also lead to the discovery of new 
contraceptives, but these will require developing new 
means of organ-specific delivery of contraceptive drugs 
[158]. This approach is not yet applicable to humans. 


Future: nonsurgical 
male contraception 


The role of nonsurgical treatment for male contra- 
ception will certainly increase in the future, although 
vasectomy will likely remain a very popular option. 
However, as men’s participation in the contraceptive 
process grows, the demand for safer, cheaper, and 
more easily reversible methods will increase as well. 
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Introduction 


Urologists have been at the forefront in the study of 
infertility for over 100 years, and have been responsible 
for some of the greatest success stories in the field of 
infertility treatment. However, a large percentage of 
patients cannot achieve success with urologic inter- 
vention alone. Thus, advances in assisted reproductive 
technology (ART) for treatment of infertile couples 
have played an integral role in achieving fertility in this 
group of patients. These technologies, such as in-vitro 
fertilization (IVF), intrauterine insemination (IUT), 
and intracytoplasmic sperm injection (ICSI), have 
evolved along with the advances in male reproductive 
medicine. Despite the rapid technological advances 
made with ART, urologists still play an integral part in 
the evaluation and management of infertile couples. 
Assisted reproductive technologies (ART) are 
interventions directed at the female partner, including 
gonadotropin therapy, IUI, IVF, ICSI, and preimplan- 
tation genetic diagnosis (PGD). Artificial insemin- 
ation - also called intrauterine insemination or IUI - is 
a relatively “low-tech” form of ART, though it is by far 
the most frequently used of all ART techniques. While 
urologists in the United States do not perform IUI, 
the spouses of many of our patients will ultimately 
undergo this procedure. Therefore, it is important that 
urologists have a working knowledge of the indica- 
tions, technique, side effects, complications, and suc- 
cess rates of IUI, especially as they relate to associated 
male factors. Such is the goal of the present chapter. 


History 

Artificial insemination (AI) in its current form owes 
it origins to animal husbandry research. The earliest 
accounts of AI experimentation date back more than 
300 years. The first successful artificial insemination 
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took place in Italy in 1784. Russian researchers her- 
alded the modern era of AI beginning in the 1890s and 
pioneered work that started in dogs, rabbits, and poul- 
try, then progressed to horses, sheep, and dairy cattle. 
The Russians developed innovative techniques to col- 
lect semen, such as use of the artificial vagina [1]. 

In the 1940s, Danish researchers developed two 
important innovations that dramatically improved the 
efficacy of AI in animal husbandry: rectocervical fix- 
ation and the semen packing straw. Rectocervical fix- 
ation enables improved success rates of AI with the use 
of fewer sperm, and is thus a type of semen extender. 
The semen packing straw, in various forms, is still used 
today, even in human AI [1]. 

In the United States, agricultural research on AI 
accelerated in the 1940s as well, and tremendous 
advances were made in sperm collection and process- 
ing methods, semen evaluation and selection, and sire 
selection - the animal equivalent of donor selection. 
Tests of sperm fertilization potential such as the hypo- 
osmotic swell test, mucous penetration assay, and even 
sperm DNA integrity tests, were all developed for the 
purposes of animal husbandry and adopted later for 
human usage. Other useful tools in human infertility 
medicine have their roots in agricultural research and 
include semen specimen transport, sperm cryopreser- 
vation, and gender selection using in-situ hybridization 
[1]. In the United States today, nearly 100% of dairy cat- 
tle and poultry are bred using AI technology. 


Indications and technique 


IUI is indicated for couples with unexplained infer- 
tility, mild to moderate male-factor infertility, or cer- 
tain female factors, such as antisperm antibodies or 
a hostile cervical environment. In the United States, 
IUI is performed by gynecologists or reproductive 
endocrinologists, not urologists. Women, therefore, 
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Table 28.1. Female screening tests 
HIV 


Hepatitis B 

Hepatitis C 
Trepopnema pallidum 
Neisseria gonorrhea 
Chlamydia trachomatis 
Cytomegalovirus 

CBC 

Blood type and screen 
Day 2 follicle-stimulating hormone 
Day 2 estradiol 

TSH 


Prolactin 


Pap Smear 


Genetic screening 


are evaluated by the gynecologist with histories, phys- 
ical examination, and laboratory assessments [2]. 
Tubal patency tests, such as the hysterosalpingogram, 
saline salpingogram, or diagnostic laparoscopy, are 
performed as indicated. Indications for tests of tubal 
patency include prior pelvic inflammatory disease, 
ectopic pregnancies, or unexplained infertility, among 
others. The endocrine profile for a woman is similar toa 
man's, and includes assays for day 2 follicle-stimulating 
hormone (FSH), luteinizing hormone (LH), and estra- 
diol. For a woman, the only absolute contraindication 
to IUI is bilateral tubal occlusions. Advanced mater- 
nal age and severe elevations in FSH are not contrain- 
dications, but are indicators of a poor prognosis. In 
addition, IUI complications, such as low-birthweight 
babies and birth defects, are increased in women of 
advanced maternal age [3,4]. 

The most common male factor is oligospermia, 
mild to moderate. Historically, the presence of 10 mil- 
lion motile sperm was a prerequisite for performing 
IUI, although now many centers have success with 
lower cutoff values, such as 5 million motile sperm, 
or even 1 million motile sperm. Forward progres- 
sion on semen analysis is important, though interest- 
ingly, centers that use the lower cutoff values often do 
not make a distinction between the various grades of 
motility, 1-4. The decision to proceed with IUI in the 
face of male factors, even severe ones, is complicated 
by many factors, including the patients’ ability to pay 


for the more expensive ART procedures such as IVF 
with ICSI. In addition, whether or not an ART practice 
refers men with a male factor to the urologist for evalu- 
ation is variable from practice to practice, physician to 
physician, and region to region. 

Pre-screening for couples attempting an IUI pro- 
cedure includes testing for infectious diseases, genetic 
abnormalities, and general medical problems, such as 
anemia [5-7]. Women are screened for syphilis, hepati- 
tis B and C, HIV, parvovirus, rubella, and varicella. The 
total list of female screening tests may be seen in Table 
28.1. Men are screened for hepatitis B, hepatitis C, and 
HIV. Genetic tests routinely performed include testing 
for cystic fibrosis as well as for those conditions that more 
commonly affect a particular ethnic group (Table 28.2). 
For example, there is an Ashkenazi panel for Jewish 
patients of Eastern European descent [8-10]. Severely 
oligospermic men have an increased likelihood of 
harboring genetic anomalies, such as Y-chromosome 
microdeletions [11,12]. Couples may benefit from 
screening and, at the very least, an informed consent 
discussion prior to proceeding with ART. 

Donor IUI is indicated in cases of severe, insur- 
mountable male-factor infertility in which it is not 
possible to acquire sperm in sufficient quantities to 
perform IUI. Factors that lead a patient to choose 
donor IUI include severe oligospermia, azoospermia, 
or severe, uncorrectable asthenospermia. In addi- 
tion, female patients without male partners are able 
to conceive with donor sperm. Donor TUI is also util- 
ized when there is a high probability of a low sperm 
retrieval. Donor sperm are commercially available, and 
recipients can select sperm from donors with a variety 
of physical traits. In the USA, state and federal laws dic- 
tate that donor sperm must be extensively screened for 
infectious disease and certain genetic diseases [13]. For 
the complete list, see Table 28.3. Though laws may vary 
slightly from state to state, in New York at least, anony- 
mous donors cannot claim any parental rights over the 
offspring [14]. 

Sperm testing prior to IUI varies from center to 
center, and can range from a basic semen analysis 
(volume, concentration, motility) to a complete ana- 
lysis (the basic plus morphology). Some centers will 
also perform additional assays for sperm strength 
and function, such as the “swim-up” test and tests of 
sperm DNA integrity. Poor sperm DNA integrity has 
been shown to negatively impact IUI success rates, 
although the utility of this test in day-to-day practice 
is limited [15]. 
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Table 28.2. Genetic screening in high-risk groups 


Ethnic group Disorder 


Ashkenazi Jews Tay-Sachs disease 
Ashkenazi Jews Canavan disease 
Mediterranean Beta-thalassemia 
Southeast Asian and Chinese Alpha-thalassemia 


African-Americans Sickle cell anemia 


All ethnic groups Cystic fibrosis 


Table 28.3. Sperm donor lab test panel 


HIV type 1 and HIV type 2 Cytomegalovirus 


Hepatitis B Hepatitis C 


Trepopnema pallidum Chlamydia trachomatis 


Neisseria gonorrhea HTLV-1 and HTLV-II 


With the help of the semen analysis results, patients 
are counseled regarding the likelihood of success with 
each IUI attempt. The IUI sample is then processed 
as follows. The man is asked to ejaculate into a ster- 
ile specimen cup that is subsequently labeled with a 
unique identifier, such as an accession number. The 
specimen will then be allowed to sit at room tempera- 
ture for 20 minutes, so that it liquefies. A basic semen 
analysis (volume, concentration, motility) is then per- 
formed on an aliquot of the sample. If the specimen’s 
parameters are adequate, 1.5 mL of sperm wash media 
(SWM) are added to the remainder of the sample, 
which is then centrifuged at 300 x g for 15 minutes. 
This step is repeated twice, and the resultant pellet is 
ultimately resuspended in the SWM (0.5 mL) and 
transferred to a sterile syringe and packing straw for 
the actual insemination. 

The intrauterine insemination takes place in the 
physician's office, and must be done on the expected 
day of ovulation. The female patient lies in a dor- 
sal lithotomy position on a standard gynecological 
examination table with her feet in stirrups. A specu- 
lum is placed in the vagina and the cervix is visualized. 
Neither local anesthetic nor antibiotic prophylaxis is 
needed. The sperm specimen is aspirated into a 1.0 mL 
syringe. The needle is removed and the plastic syringe 
is attached to a flexible 18 cm polyethylene catheter (a 
standard intrauterine insemination catheter). All air is 
removed from the syringe and the catheter is inserted 
through the endocervical canal; it should extend 5.5 
cm in a typical uterus. The sperm are then injected. 


Screening test 

Decreased serum hexosaminidase-A, molecular analysis 
DNA analysis 

CV < 80, Hgb electrophoresis 

CV < 80, Hgb electrophoresis 

Hgb electrophoresis 


DNA analysis of 25 CFTR mutations 


Mild cramping may occur. After the injection, the cath- 
eter is slowly removed and the patient is instructed to 
remain lying flat and still for 15 minutes. The woman 
can resume her normal activities upon leaving the 
office, and subsequent sexual intercourse has not been 
shown to impede fertilization, but most physicians rec- 
ommend abstinence for 24 hours after insemination. 


IUI treatment costs 


Costs will depend on whether or not the female part- 
ner is taking fertility-enhancing medications, the 
type of medications, necessary monitoring, and the 
insemination itself. Some estimates of costs of IUI 
in the United States (not actual costs) are shown in 
Table 28.4. 

The cost per cycle can vary greatly, depending on 
the center where treatment is undertaken and whether 
the medication is clomiphene or gonadotropins. For 
example, a woman taking clomiphene and timing her 
IUI with an ovulation kit could spend about $750 in 
one cycle. A woman using gonadotropins with IUI 
could spend up to $5000, depending on the amount 
of medication needed and the number of monitoring 
ultrasounds needed. Some programs monitor blood 
levels for estrogen along with ultrasounds, particularly 
for gonadotropin and IUI cycles. Fees for donor sperm 
vary by sperm bank and are based upon how sperm 
were prepared (washed versus unwashed) and donor 
characteristics (i.e., level of education). Typical prices 
for unwashed sperm are $180-350, and $250-400 for 
washed sperm. These prices do not include storage, 
shipment, routine evaluation, blood tests, or physician 
fees for performing the inseminations. 


Success rates 

Forthepurpose ofthis chapter, IUI success will be defined 
as clinical pregnancy rates. Success rates for IUI depend 
upon a variety of factors such as patient age, presence 
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Table 28.4. Estimates of costs associated with IUI 
Clomiphene citrate 
Gonadotropins 
Human chorionic gonadotropin (hCG) $60 

$300 per test 
$85-100 per test 


Ultrasound monitoring 
Estradiol blood test 


Insemination with sperm preparation $350 


of comorbid conditions, ovulation method, and pres- 
ence of a male factor. Age is perhaps the most import- 
ant factor [3,16]. Women in the 35- to 39-year range 
have an approximately 50% reduction in pregnancy 
rates per natural IUI cycle. These women tend to benefit 
dramatically from the addition of ovulation inducers - 
clomiphene citrate or gonadotropins. Pregnancy rates 
continue to drop off as women advance beyond 50 years 
of age. It is unclear whether or not the addition of ovu- 
lation inducers helps women above the age of 40. The 
addition of ovulation inducers does seem to help women 
in the 35- to 39-year range, with gonadotropins having 
greater efficacy than clomiphene citrate [16]. 

The presence of a male factor impacts success 
rates of IUI. Severe oligospermia negatively impacts 
success rates of IUI [17]. In general, patients need 
5-10 million motile sperm to have a successful IUI. 
However, there are exceptions, with some centers 
reporting success with as few as 1 million motile 
sperm. This emphasizes the importance of the role 
played by urologists as they evaluate and treat male 
infertility to improve sperm counts. 

Abnormal sperm morphology has been associ- 
ated with poorer IUI outcomes both for IUI alone and 
for IUI with clomiphene or gonadotropin stimulation 
[18-20]. In addition, abnormal sperm morphology 
has been associated with higher IUI complication rates 
such as miscarriage [17]. When a patient is referred to 
the urologist with a semen analysis consistent with an 
abnormal morphology, it is imperative for the urolo- 
gist to identify any underlying condition that may be 
responsible for this condition, and to treat the cause if 
possible. The presence of abnormal morphology does 
not preclude the use of the sperm in IUI. 

Varicocele is the most commonly encountered 
male factor in infertility, present in up to 35% of men 
in subfertile couples. While surgical correction of vari- 
coceles in subfertile men is accepted and standard, 
some controversy may exist regarding whether or not 
to correct a varicocele if the couple needs to resort to 


$55-165 (depending on dose) 
$40-75 per ampule (approximately 10-40 ampules/cycle) 


IUI anyway. Numerous studies have shown that vari- 
cocelectomy in such a situation improves success 
rates for IUI with and without ovulation induction 
[21-27]. Correction of varicoceles can improve sperm 
counts, even in severely oligospermic patients, suff- 
ciently to allow couples to avoid IVF/ICSI and to have 
a successful IUI. Some men have clinically significant 
varicoceles and normal semen analyses yet the cou- 
ple still has unexplained infertility and will ultimately 
require IUI. Whether or not correcting the varicocele 
in these patients improves pregnancy rates with TUI 
beyond those rates achieved when the varicocele 
remains uncorrected is unknown and has not been 
specifically studied. Some urologists do recommend 
varicocelectomy in some of these patients for a variety 
of reasons, but controlled scientific data on the utility 
of this approach are currently lacking. 

Azoospermia can be due to problems of sperm pro- 
duction or sperm ductal obstruction. Using advanced 
sperm retrieval techniques, sperm may be harvested 
from men with both obstructive and nonobstructive 
azoospermia. In nonobstructive azoospermic men, 
sperm can be located in small numbers, but neither 
the quantity of sperm nor their motility is sufficient 
for IUI. Obstructive azoospermia patients, on the 
other hand, can be candidates for IUI. Congenital and 
acquired blockages can be reversed and ejaculatory 
duct obstruction corrected, often leading to natural, 
spontaneous pregnancies. Occasionally it is not pos- 
sible to restore natural fecundity, but it is possible to 
restore several million motile sperm to the ejaculate. 
In such a situation, a couple might use IUI rather than 
IVF/ICSI, and thus save money and avoid unnecessary 
risk to the woman. On occasion, enough sperm can be 
retrieved, via an epididymal sperm aspiration, for a 
successful IUI. 


Complications 


IUI is safe, though it is not complication-free. TUI 
complications may be classified into three categories: 
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medication side effects, pregnancy complications, and 
laboratory errors. Each will be discussed separately. 


Medication side effects 


Drug-induced side effects are not dose-related, as 
they can occur at the 50 mg dose of clomiphene cit- 
rate. Uncomplicated ovarian enlargement develops in 
approximately 14% of women, but true ovarian hyper- 
stimulation syndrome is rare. 

Hot flashes are common, occurring in 10-20% of 
women [28]. They may be due to hypoestrogenism at 
the hypothalamic level due to clomiphene blockade 
of estrogen receptors. Problems related to the hyper- 
estrogenic environment induced by clomiphene cit- 
rate include abdominal distension (5.5%), nausea 
and vomiting (2.2%), and breast discomfort (2%). 
These side effects rapidly abate soon after cessation of 
therapy. 

Visual symptoms, such as blurring, double vision, 
and/or scotomata develop in 1-2% of women and are 
usually reversible. Mood swings, depression, and head- 
aches can occur, but are rarely sufficiently serious to 
require termination of treatment. 

The use of fertility drugs has been associated with 
neoplasia, particularly borderline ovarian tumors, 
in some, but not all, studies. The apparent associa- 
tion between fertility drug use and epithelial ovarian 
cancer appears to be related to the fact that these drugs 
are more likely to be used in infertile women, who 
are known to be at higher risk of developing ovarian 
cancer. There does not appear to be an increased risk 
of breast cancer in women treated with fertility drugs 
[29]. However, interpretation of the available data is 
limited by several confounding factors. 


Pregnancy complications 

Pregnancy complications include multiple gestations, 
birth defects, low birthweight, and ectopic pregnancies. 
The probability of multifetal pregnancy is increased: 
twins have been reported in 6.9-9% of pregnancies, 
triplets in 0.3-0.5%, quadruplets in 0.3%, and quin- 
tuplets in 0.13% [30,31]. The risk may be reduced by 
ultrasound monitoring and withholding hCG, IUI, or 
intercourse if more than two follicles are greater than 15 
mm in diameter. The frequency of congenital malfor- 
mations and spontaneous abortion does not appear to 
increase in pregnancies after ovulation induction with 
IUI. This was illustrated in a report that examined 1034 
pregnancies and 935 newborns after clomiphene cit- 
rate induction [32]. Spontaneous abortion and visible 


congenital malformations occurred in 14.2% and 2.3%, 
respectively, rates that are comparable to those in moth- 
ers who ovulated spontaneously [33]. Rates of ectopic 
pregnancy are not increased with clomiphene citrate 
IUI [34]. There is no evidence of developmental delays 
or learning disabilities in children whose mothers took 
clomiphene citrate [35]. Several studies found a mildly 
increased risk of preterm birth in pregnancies (single- 
ton and multiples) after assisted reproduction as com- 
pared to natural pregnancies [35]. This effect has not 
been shown to be specific to clomiphene and is likely 
due to comorbidities in subfertile women [36]. There 
is less than a 1% chance of pelvic infection with intra- 
uterine insemination. 


Laboratory errors 

Chain of custody is a concept that dictates exactly 
which person or facility has physical control of a 
laboratory specimen from the time it leaves the 
patient’s body until it arrives at its ultimate destin- 
ation. In IUI, the initial specimen is the man’s ejacu- 
late and the final destination is his designated partner’s 
uterus. Unlike in natural conception -intercourse - the 
ejaculate in an IUI cycle must pass through many links 
in the chain prior to reaching this destination. Though 
uncommon, mix-ups do occur, and from time to time 
the wrong man’s sperm is used for insemination. From 
the perspective of those involved, this type of error is 
a catastrophe that often results in high-profile media 
coverage and a myriad of legal problems for the 
provider, the laboratory, the parents, and the child. 
Aside from obvious claims of medical negligence, legal 
ramifications of such an error may include questions 
of legal custody of the child [14]. Other mechanisms 
for “mix-ups” exist, including inadvertent - or inten- 
tional - use of a pre-used insemination straw. These 
errors are avoidable with carefully devised protocols 
for specimen management and chain of custody. 


Conclusion 

IUI is the most commonly performed ART procedure 
and can help millions of infertile couples achieve their 
dream of parenthood. It is important that the urologist 
have at least a working knowledge of IUI. IUI, in con- 
trast to IVF or ICSI, is relatively “low tech” and straight- 
forward to perform. Success rates vary with maternal 
age, associated female and male factors, and adjunc- 
tive use of clomiphene citrate and gonadotropins. 
Correction of a male factor, even in a couple that will 
ultimately require IUI, is indicated and recommended. 
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Patients who are to undergo IUI, as in any other medi- 
cal procedure, should be given information regarding 
the risks of the procedure. 
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Introduction 


A couple is usually considered infertile after one year 
of unprotected intercourse with adequate expos- 
ure in the absence of a pregnancy. Infertility affects 
around 15% of married couples, with pure male factors 
and pure female factors each accounting for approxi- 
mately 30% of these. In the remaining couples, a com- 
bination of both factors exists. Therefore, the male is 
involved in the childless process half of the time. 

The live birth of Louise Brown in 1978 following in- 
vitro fertilization (IVF) by Steptoe and Edwards com- 
menced a new era in assisted reproductive technology 
(ART) [1]. Subsequently, gamete intrafallopian trans- 
fer (GIFT) and zygote intrafallopian transfer (ZIFT) 
were also developed to treat infertility [2,3]. 

Although IVF was first used with success for cou- 
ples with male-factor infertility in 1984 [4], it soon 
became apparent that patients with severe oligosper- 
mia or azoospermia were still considered sterile. 

To solve this problem, gamete micromanipulation 
techniques have been applied in couples where conven- 
tional IVF could not be used. Initially, the formation of 
a small hole in the zona pellucida allowing the sperm 
direct access to the oolemma was elaborated (zona 
drilling [ZD] and partial zona dissection [PZD]). After 
that, the microsurgical injection of sperm in the peri- 
vitelline space was settled (subzonal insertion of sperm 
[SUZI]). More recently, the microinjection of sperm 
directly into the egg itself has resulted in a significant 
improvement in pregnancy rates (intracytoplasmic 
sperm injection [ICSI]). 


In-vitro fertilization 

Initially created for female infertility due to tubal dis- 
ease, IVF has also rapidly become a treatment for male- 
factor infertility. Using this technique, fewer sperm 
are required to achieve oocyte fertilization than with 
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natural intercourse or intrauterine insemination (IUI). 
This feature of IVF has made it a prominent option in 
male-factor patients in whom surgical or pharmaco- 
logic therapy has not succeeded or is unsuitable. 


Controlled ovarian hyperstimulation 


Controlled ovarian hyperstimulation (COH) is 
defined as hormonal manipulation during the ovula- 
tory cycle so that instead of producing one oocyte, the 
ovary is stimulated to release multiple oocytes. Most 
patients are down-regulated with a gonadotropin- 
releasing hormone (GnRH) agonist and then treated 
with gonadotropins (Fig. 29.1). GnRH antagonists 
have been introduced in recent years in ovarian stimu- 
lation for ART. They exert their pharmacological effect 
via an immediate and reversible blockade of the pitui- 
tary GnRH receptors, and are used to prevent prema- 
ture LH surges in IVF/ICSI cycles (Fig. 29.2). Follicular 
growth is monitored by serum estradiol quantification 
and transvaginal sonographic evaluation of the follicu- 
lar volume. When lead follicles reach a mean diameter 
of 17-19 mm, human chorionic gonadotropin (hCG) 
is given, and about 35 hours later oocytes are collected 
by ultrasound-guided transvaginal aspiration. 


Oocyte preparation and classification 


After retrieval, the oocytes are separated from the fol- 
licular fluid and classified according to their morph- 
ology. Immature oocytes (PI) are still in the prophase of 
the first meiotic division; they are characterized by the 
presence of the germinal vesicle. Oocytes in an inter- 
mediate degree of maturation (MI) are recognized by 
the absence of the germinal vesicle and the first polar 
body. A mature oocyte (MII) contains chromosomes 
at metaphase II and is characterized by the presence of 
a first polar body. Postmature oocytes have darkened 
cytoplasm with a poorly formed corona. 
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Fig. 29.1. In-vitro fertilization: 
diagrammatic scheme of along protocol 
using a GnRH agonist. GnRHa, gonadotropin- 
releasing hormone agonist; hCG, human 
chorionic gonadotropin; r-FSH, recombinant 
follicle-stimulating hormone. 
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Fig. 29.2. In-vitro fertilization: 
diagrammatic scheme of a short 

protocol using a GnRH antagonist. GnRH, 
gonadotropin-releasing hormone; hCG, 
human chorionic gonadotropin; r-FSH, 
recombinant follicle-stimulating hormone. 
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substances, and (6) allow processing of larger vol- 


Semen preparation techniques for IVF umes of ejaculates. Unfortunately, there is no such a 
Semen parameters are usually evaluated according to method available [7]. 

the World Health Organization criteria for sperm con- These techniques are divided into migration, den- 
centration, progressive motility, and morphology [5]. sity gradient centrifugation, and filtration techniques. 
Determination of strict criteria for normal morph- For all migration methods, sperm motility is an essen- 


ology is also estimated [6]. Ideally, sperm preparation tial prerequisite, while for density gradient centrifuga- 
should (1) be quick and cost-effective, (2) isolate the tion and filtration techniques, both motility and sperm 
highest amount of motile spermatozoa, (3) not cause retention at phase borders and adherence to filtration 
any harm to sperm, (4) eliminate dead cells, leuko- matrices are important. The migration techniques can 
cytes, and bacteria, (5) eliminate toxic or bioactive further be subdivided into swim-up, under-lay, and 
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migration-sedimentation methods. For density gradi- 
ent centrifugation, separation media such as IxaPrep®, 
PureSperm®, Isolate®, SilSelect®, and Nicodenz® have 
recently been introduced to replace Percoll®, due to 
its risks of contamination of endotoxins. The filtra- 
tion methods, such as glass wool filtration and use of 
Sephadex beads and membranes, are alternative tech- 
niques [7]. 

In severe oligoasthenoteratozoospermia, or in 
sperm aspirated from the epididymis or testicles, Ord 
et al. have developed a mini-Percoll discontinuous gra- 
dient layering technique that is associated with fertiliza- 
tion rates that are double or triple those obtained with 
the swim-up technique [8]. The enhanced fertilization 
rate obtained by this method is probably due to a sperm 
fraction with fewer chromatin defects, protection 
against excessive reactive oxygen species, and healthier 
sperm due to lower centrifugation spin rates. 


Embryo transfer 


Mature oocytes are inseminated in a Petri dish and 
examined 18 hours later for morphologic proof of 
fertilization. A fertilized zygote contains two pronu- 
clei and two polar bodies in the perivitelline space. 
Seventy-two hours later, the embryos are at the 4-cell 
to 8-cell stage and are ready to transfer. Some embryos 
can benefit from an extended culture to reach the blas- 
tocyst stage. 

An IVF center’s primary concern should be to 
maximizethelivebirth rateand minimizethe number 
of multiple gestations. These factors are determined 
by the number and quality of embryos transferred. 
The American Society for Reproductive Medicine 
(ASRM) and the Society for Assisted Reproductive 
Technology (SART) have developed guidelines to assist 
ART programs (Table 29.1). 


Male-factor outcomes with IVF 


No single test or sperm parameter is unquestionable 
in its prediction of male fertility, as no single sperm 


feature or function can represent the ability of sperm- 
atozoa to accomplish a clinical pregnancy. Therefore, 
several methods have been created to prevent total 
failure of fertilization of the eggs following IVE. These 
methods include the acrosome reaction test, hemizona 
assay, and the sperm penetration assay. 

Sperm concentration and motility are directly con- 
nected with fertilization rates. In the normozoospermic 
patient, 50 000-100 000 motile sperm/mL per oocyte 
are commonly used for IVF. In the oligospermic patient, 
however, because of innate dysfunction of the gamete, 
more sperm are usually inseminated with each oocyte 
(0.5-1 million motile sperm/mL) [10]. The introduc- 
tion of strict morphological criteria in 1986 has been 
remarkably useful in prognosticating the fertilizing 
ability of spermatozoa in assisted reproduction [6]. 
Oehninger et al. studied the correlation between normal 
sperm morphology and the insemination concentration 
and discovered that, byincreasing the insemination con- 
centration of severely teratozoospermic patients from 
100 000 to 500 000 spermatozoa per oocyte, fertilization 
could be significantly optimized [11]. 

Fertilization and pregnancy rates in patients 
undergoing IVF for male factors, however, have been 
noted to be lower than for patients undergoing IVF 
for other reasons. A large comparative series from 
the Center for Reproductive Medicine in Brussels, 
Belgium, revealed a 68% fertilization rate among 480 
couples undergoing IVF for female tubal factors and 
a 23% fertilization rate after 226 cycles in 175 strictly 
male-factor couples [12]. In general, very low preg- 
nancy rates resulted from conventional IVF with epidi- 
dymal or testicular spermatozoa [13,14]. 

Impaired acrosomal status can be associated with 
unexplained unsuccessful fertilization. Patients with 
low spontaneous acrosome loss and high response to 
A23187 have more than 50% of oocytes fertilized in an 
IVF cycle [15,16]. Sperm-zona pellucida binding is an 
essential requisite during human fertilization. This bio- 
logical step can be measured by hemizona assay. Patients 


Table 29.1. Guidelines for the number of embryos transferred [9] (With permission; copyright © 2006 American Society for 


Reproductive Medicine) 


Female age # Cleavage stage in # Blastocysts in good 
good prognosis prognosis 

<35 1 ] 

35-37 No more than 2 No more than 2 

38-40 No more than 3 No more than 2 


> 40 No more than 5 No more than 3 


# Cleavage stage in 
other cases 


# Blastocysts in 
other cases 


No more than 2 No more than 2 


No more than 3 No more than 2 
No more than 4 No more than 3 


No more than 5 No more than 3 
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with a hemizona index (HZI) higher than 30% achieved 
a fertilization rate of approximately 75% , whereas those 
with HZI lower than 30% had a rate of only 35% [17]. 
The use of the sperm penetration test (SPA) as a meas- 
ure of fertility is based on the theory that healthy sperm 
will penetrate processed hamster ova and result in a sig- 
nificant amount of polyspermia. With the lower limit of 
normal being five penetrations per egg, couples with a 
normal SPA have a 95% chance of fertilizing human ova 
in vitro, as compared with couples with a negative SPA, 
who have a 50% chance [18]. 


Gamete and zygote intrafallopian 


transfer 


Gamete intrafallopian transfer (GIFT) is designated 
for women who have at least one functioning fallo- 
pian tube. In GIFT procedures oocytes and sperm are 
returned to the fallopian tube(s) promptly following 
oocyte retrieval [2]. Tubal environment may improve 
oocyte maturation and sperm function, resulting in 
enhanced fertilization and embryo development and 
reaching the uterine cavity atan evolutional stage which 
is concomitant with that of the endometrium [19]. As 
it was never demonstrated that GIFT had any advan- 
tage over standard IVE, and because it requires lapar- 
oscopy, GIFT is now used only in certain instances 
because of religious beliefs, difficulties in embryo 
transfer, or as a heroic measure [20]. 

Zygote intrafallopian transfer (ZIFT) combines the 
advantages of the GIFT and IVF procedures, i.e., it ena- 
bles confirmation of fertilization before transfer, exclu- 
sion of polypoid embryos, zygote maturation before 
entry to the uterine cavity, and greater synchronization 
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with the uterus [3]. Although retrospective uncon- 
trolled studies comparing ZIFT and IVF demonstrated 
an increase in implantation and pregnancy rates for 
ZIFT [21-23], a recent meta-analysis failed to show 
any statistically significant difference and concluded 
that since ZIFT is more expensive and invasive, as 
it requires laparoscopy, intrauterine transfer of the 
embryos should be the treatment of choice [24]. 


Gamete micromanipulation 


Various micromanipulation techniques have been cre- 

ated to increase fertilization rates in cases of severe 

male infertility. These strategies fall into three basic 

categories (Fig. 29.3): 

(1) manipulation of the zona pellucida to provide an 
opening in which sperm can gain easier access to 
the egg - ZD and PZD; 

(2) the placement of spermatozoa into the 
perivitelline space (the space between the zona 
pellucida and the ovum plasma membrane) - 
SUZI; 

(3) direct injection of a single spermatozoon into the 
ooplasm - ICSI. 


All of these techniques require the use of microinjec- 
tion tools. Micromanipulation procedures are per- 
formed using an inverted phase-contrast microscope, 
preferably with a heated stage to avoid gamete cooling. 
Pressure in the holding and injection pipettes is con- 
trolled with water or oil-filled high-precision microin- 
jectors. Pipettes are manipulated in three dimensions 
using sets of hydraulic micromanipulators. 
Micromanipulation pipettes are made from 30 uL 
borosilicate glass tubes. The oocyte-holding pipettes 


Fig. 29.3. Micromanipulation-assisted 
fertilization techniques. PZD, partial 
zona dissection; SUZI, subzonal insertion 
of sperm; ICSI, intracytoplasmic sperm 
injection. 
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are cut and fire-polished on a microforge to obtain 
the desirable outer and inner diameters (for ICSI, 60 
um and 20 um, respectively). To make the injection 
pipettes, the pulled capillary is opened on a micro- 
grinder (for ICSI, to an outer diameter of 7 um and an 
inner diameter of 5 um) with a beveled angle of 45-50°. 
A sharp spike is made using the microforge to facilitate 
the injection procedure. 


Zona drilling and partial zona dissection 


Micromanipulation procedures progressed because 
of discouraging results with IVF for the male-factor 
patient. Although application of acid solutions or 
enzymes (ZD), and mechanical opening (PZD) of 
the human zona pellucida have been developed, only 
PZD has been successful in humans. One particu- 
lar problem observed with PZD was the high rate of 
polyspermia, a lethal condition involving the entrance 
of more than one sperm into the egg [25]. 


Subzonal insertion of sperm 


This procedure involves the injection of 3-4 sperm 
per oocyte between the zona pellucida and the 
plasma membrane of the egg [26]. SUZI represented 
an advance over PZD, as revealed by pregnancy rates 
per oocyte retrieval of 10.3% versus 3.8%, respectively 
[27]. In cases of severe male-factor infertility with fewer 
than 50 000 motile sperm retrieved, a 57.3% fertiliza- 
tion rate and a 14.5% pregnancy rate were observed, 
compared with a 4.2% fertilization rate and no preg- 
nancy ina similar population treated with conventional 
IVF [28]. Unfortunately, high rates of polyspermia still 
occurred with SUZI. 


Intracytoplasmic sperm injection 


Technique of ICSI 

Originally described in 1988 [29], with the first reported 
pregnancies documented in 1992, ICSI was created to 
offer a new treatment option for couples with severe 
male-factor infertility who could not be helped by con- 
ventional IVF [30]. Polyspermia was finally overcome 
with ICSI, a procedure which involves the injection 
of a single sperm into the oocyte. 

Ovarian stimulation, oocyte retrieval, and sperm 
preparation are performed as for conventional IVF. 
Oocytes are prepared by removing the surrounding 
acellular material with enzymes. ICSI is performed on 
all metaphase II oocytes. Metaphase II oocytes have 
their diploid complement of chromosome disposed on 
the metaphase plate near the polar body. The oocyte 


is stabilized with a holding micropipette and injected 
under an inverted microscope at 400x. Individual sin- 
gle sperm are aspirated from a prepared semen speci- 
men and injected directly into an oocyte immobilized 
in a droplet of medium under paraffin oil. The polar 
body is held at the 12 or 6 oclock position, and the 
injection micropipette containing the single sperm is 
pushed through the zona pellucida and oolemma into 
the cytoplasm of the oocyte. 


Indications for ICSI 
In 1995, ICSI was used in nearly 20% of all IVF cycles. 
By 2004, the percentage of fresh nondonor cycles with 
ICSI almost tripled. Despite the fact that ICSI was ini- 
tially developed to treat male-factor infertility, and that 
the success rates for IVF patients without a diagnosis 
of male-factor infertility who use ICSI are generally 
lower than those without a diagnosis of male-factor 
infertility who use conventional IVF, approximately 
50% of ICSI cycles were performed on patients without 
a male-factor diagnosis (Fig. 29.4) [31]. Furthermore, 
several prospective controlled randomized trials failed 
to show that ICSI has any advantage over IVF regard- 
ing pregnancy rates in couples with non-male-factor 
infertility [32-34] or unexplained infertility [35]. 
Therefore, ICSI should be used mainly for irre- 
versible or uncorrectable male-factor infertility, 
except for couples who have had a fertilization failure 
in a previous IVF cycle or in a condition called “res- 
cue” ICSI, where ICSI is performed on day 2, after the 
failure of fertilization on the first day utilizing stand- 
ard IVE (Table 29.2). 


ICSI outcome 

The establishment of the Society for Assisted 
Reproductive Technology (SART) in 1989, and the pas- 
sage of the Fertility Clinic Success Rate and Certification 
Act in 1992, allowed consumers to evaluate the success 
rates of individual centers. This law requires the Centers 
for Disease Control and Prevention (CDC) to publish 
pregnancy success rates for ART in fertility clinics in 
the United States. These data are now readily available, 
and allow us to assess the true success and impact of 
IVF and ICSI since 1995 (Table 29.3) [31]. 

Several factors have been evaluated as predic- 
tors of success with IVF/ICSI, but maternal age is 
the single most important predictor for having a 
successful outcome in IVF and ICSI. In a report by 
Oehninger et al., women aged over 40 years were noted 
to have one-sixth the number of clinical pregnancies 
of women aged under 34 years [36]. Devroey et al. also 
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Live birth per retrieval (%) 


IVF with ICSI among 
couples without 
male-factor 
infertility 


Table 29.2. Indications for ICSI 
Female factor 

Failed previous IVF cycles 
“Rescue” ICSI 

Male factor 


Ejaculated sperm Severe oligoasthenospermia 


Abnormal sperm morphology 
Immunologic infertility 
Ejaculatory disorders 


Epididymal sperm Obstructive azoospermia 


Testicular sperm Nonobstructive azoospermia 


Necrospermia 


found significantly decreased pregnancy and delivery 
rates in older women (aged = 40 years) after ICSI, and 
concluded that female age was a predictive factor for 
embryonic implantation [37]. 

The effect of paternal age on reproductive out- 
comes has recently been investigated. Spandorfer et al. 
reported a significant linear decline in semen volume, 
with no differences in concentration, motility, or mor- 
phology of spermatozoa with paternal aging among 
821 men undergoing ICSI [38]. Pregnancy outcomes 
were not influenced by the age of the male partner, 
although an increase in tripronuclear zygotes was noted 
with men aged over 50 years. By contrast, in a study by 
Klonoff-Cohen and Natarajan, sperm number, preg- 
nancy, and live birth delivery were all inversely related 
to increasing paternal age [39]. Recently, it was stated 
that “similar to maternal age over 35 years, paternal age 
over 40 years is a key risk factor in reproduction,’ as the 
odds ratio of failure to conceive for paternal age over 
40 years was 2.00 (95% CI 1.10-3.61) when the woman 


IVF without ICSI 
among couples 
without male-factor 
infertility 


Age groups Fig. 29.4. Live births per retrieval 
among couples without male-factor 
<35 infertility (Adapted from SART/CDC 
website) [31]. 
35-37 
LI 38—40 
E 41-42 
H >42 


was 35-37 years old, and 5.74 (95% CI 2.16-15.23) for 
women of 41 years and older [40]. Fathers aged 40 years 


and over are also associated with higher risks of mis- 
carriage and early fetal death [41-43]. 
Nagyetal. reviewed the effect ofspermatozoa factors 


on results of ICSI in 966 cycles [44]. Despite no normal 


forms in a semen preparation, virtual azoospermia, or 


essentially no motile sperm in the ejaculate, pregnancy 


could still be achieved. The only time semen parame- 


ters had a significantly adverse effect on fertilization 
and pregnancy rates with ICSI was when there were 
no motile sperm. Therefore, sperm viability tests such 


as the hypo-osmotic swelling test (HOST), the modi- 
fied HOST (50% mili-Q water/50% culture media), 
pentoxifylline-enriched media, and the mechanical 
touch technique have been found to be useful in severe 
asthenospermia [45-48]. 

Several studies have demonstrated that fertil- 
ization, embryo transfer, and pregnancy are not 
related to sperm morphology following ICSI [49-51]. 


Additionally, a study conducted at Baylor College of 


Medicine has indicated that pregnancy result and new- 
born status of couples using ICSI with serious teratozo- 
ospermia (0% normal morphology) were identical to 
controlshaving strict morphologygreaterthan zero [52]. 
These findings indicate that ICSI success would depend 
on the evaluation of the single sperm injected. De Vos 
et al. found lower fertilization, pregnancy, and implan- 
tation rates, when the individual sperm morphology 
was observed [53]. The lower success rates applying to 
morphologically abnormal sperm for ICSI is further 
supported by evaluating the rate of aneuploidy in these 
cells. Ryu et al. studied the rate of aneuploidy of the sex 
chromosomes and chromosome 18, using fluorescence 
in-situ hybridization (FISH) in men undergoing ICSI, 
and found that morphologically abnormal sperm had a 
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Table 29.3. Results from the SART/CDC success rates, 2000-2004 [31] 


Year # Cycles # Cycles with embryo # Live births % Live birth ICSI % Live birth IVF 
transfer 
2000 74957 60 299 19042 31.0% 28.6% 
2001 80 864 65 363 21813 30.6% 32.6% 
2002 85 826 74519 24 324 31.9% 34.0% 
2003 OPys2 74296 25475 31.9% 33.4% 
2004 94 242 76533 26059 30.9% 32.9% 
Total 426 921 351010 117013 36 625 (31.3%) 37795 (32.3%) 


mean aneuploidy rate of 29%, compared to 1.8-5.5% in 
the morphologically normal sperm from the same sam- 
ple [54]. Furthermore, patients with a high frequency 
of sperm aneuploidy have lower pregnancy rates and 
higher miscarriage rates than those with normal sperm 
aneuploidy frequency [55]. 

Sperm DNA integrity is an essential requirement 
to achieve pregnancy in natural conception [56] as 
well as for IVF outcomes where the natural process 
of fertilization is circumvented [57]. A higher degree 
of sperm DNA damage has been found in couples pre- 
senting with unexplained recurrent pregnancy loss 
[58]. In another study, all male partners of couples who 
achieved a pregnancy during the first three months 
attempting to conceive had fewer than 30% sperm with 
fragmented DNA, whereas 10% of the couples who 
achieved pregnancy in 4-12 months, and 20% of those 
who never achieved a pregnancy, had over 30% sperm 
with fragmented DNA. Moreover, 84% of the men who 
initiated pregnancy before three months of trying had 
sperm DNA damage levels below 15% [59]. Bungum 
et al. reported that for intrauterine insemination 
there was a significantly higher chance of pregnancy/ 
delivery in the group with DNA fragmentation index 
(DFI<27% and HDS (highly DNA stainable) < 10% 
[60]. Although no statistical difference between the 
outcomes of IVF and ICSI was observed in the group 
with DFI < 27%, ICSI had significantly better results 
than those of IVF in patients with DFI> 27%. 

A meta-analysis reviewed two different types of 
tests to identify DNA damage and their relationship 
with ART. It was observed that the DNA fragmenta- 
tion assessed by the terminal dUTP nick end-labeling 
(TUNEL) assay significantly decreases the chance of 
conventional IVF clinical pregnancy, but not that of 
ICSI clinical pregnancy. When the sperm chromatin 
structure assay was used, there was no significant effect 
on the chance of clinical pregnancy after IVF or ICSI 
treatment [61]. Levels of DFI, as high as 47.9%, are 


compatible with ongoing pregnancy and delivery, espe- 
cially with ICSI [62]. In the largest study to date, includ- 
ing 998 cycles of IV F and ICSI, Bungum et al. concluded 
that a high DFI does not exclude successful treatment 
by IVE, but the odds ratio for biochemical pregnancy 
was three times higher using ICSI than with IVF when 
the DFI exceeded a level of 30% [63]. 

Because of these conflicting results, the Practice 
Committee of the American Society for Reproductive 
Medicine recently summarized the current under- 
standing of the impact of abnormal sperm DNA 
integrity on reproductive outcomes. This committee 
concluded that current methods for evaluating sperm 
DNA integrity alone do not predict pregnancy rates 
achieved with intercourse, IUI, IVF, or ICSI [64]. 

Antisperm antibodies may impair the fertilizing 
ability in vivo and prevent fertilization after IUI or 
conventional IVF. Only ICSI seems to overcome this 
problem, and this technique demonstrates comparable 
fertilization, pregnancy, implantation, and miscarriage 
rates for males with and without autoantibodies [65]. 

Aitken et al. reported that men with elevated ROS 
levels in semen have a sevenfold reduction in concep- 
tion rates when compared with men who have low ROS 
[66]. High ROS levels are also associated with decreased 
pregnancy rate following IVF or ICSI, and arrested 
embryo growth. Based on a recent meta-analysis, 
which included all of the available evidence from the 
literature, our group found that there is a significant 
correlation between ROS levels in spermatozoa and the 
fertilization rate after IVF (estimated overall correla- 
tion 0.374, 95% CI 0.520-0.205) [67]. Thus, measuring 
ROS levels in semen specimens before IVF may be 
useful in predicting IVF outcome and in counseling 
selected patients with male-factor or idiopathic 
infertility. 

Patients with obstructive azoospermia (OA) and 
nonobstructive azoospermia (NOA) are successfully 
treated with ICSI using surgically retrieved sperm 
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from the epididymis or testis. In one retrospective 
review, Aboulghar et al. demonstrated that epididymal 
and testicular sperm from OA patients had fertilization 
and pregnancy rates comparable to those from patients 
for whom ejaculated sperm could be used [68]. For 
patients with OA, only the etiology of the obstruc- 
tion appears to influence the outcome of ICSI cycles. 
A meta-analysis suggested a higher fertilization 
rate for patients with acquired causes of OA, while 
patients with congenital bilateral absence of vas def- 
erens (CBAVD) have a higher miscarriage rate [69]. 

Testicular sperm from patients with NOA has also 
been reported to achieve acceptable fertilization and 
pregnancy rates [70-72]. However, there was a statisti- 
cally significant decrease in fertilization and clinical 
pregnancy rates in the NOA group when compared 
to patients with OA [73]. This is possibly due to the use 
of less mature spermatozoa than in men with normal 
spermatogenesis. When the NOA patients were further 
subdivided according to histological categories (tubu- 
lar sclerosis, germ cell aplasia, and maturations arrest), 
all of them showed lower fertilization rates than OA 
patients [74]. 

In the era of ICSI, cryopreservation has been 
used to avoid multiple surgical procedures and to 
have extracted sperm available prior to female ovar- 
ian induction. Although the freezing-thawing process 
may disrupt the quality and especially the motility of 
the spermatozoa, there is no significant difference in 
quality between fresh and frozen-thawed epididymal 
or testicular spermatozoa in patients with OA [75,76]. 

There is much concern about NOA patients under- 
going testicular sperm extraction (TESE), because of 
the inherently lower number and unsatisfactory quality 
of sperm that are retrieved using this procedure [77]. 
There are contradictory reports in the literature about 
the success of using fresh or frozen sperm from both the 
epididymis and testis for ICSI [77-81]. The outcomes 
from a meta-analysis showed an enhanced pregnancy 
rate when using fresh sperm, but when the data were 
further subdivided into epididymal and testicular sam- 
ples separately, no difference in fertilization or preg- 
nancy outcome was noted with testicular samples [73]. 


Risks of assisted reproductive 
technology 


One of the most significant risks associated with ART 
is the ovarian hyperstimulation syndrome (OHSS). 
It occurs in 1-4% of patients undergoing stimulation 


and usually occurs 5-7 days after hCG administration. 
Extensive transudation of fluids rich in albumin leads 
to intravascular depletion, with subsequent hemocon- 
centration and hypoalbuminemia. Accumulation of 
fluid into the peritoneal and thoracic cavity is respon- 
sible for symptoms such as abdominal distension and 
pain, nausea, vomiting, diarrhea, and dyspnea. More 
serious sequelae can infrequently occur ( 1%) and 
include hemorrhage, peritonitis, hypercoagulable 
state, and even death. 

The major risk after ART is the occurrence of 
multiple pregnancies. According to the 2004 SART/ 
CDC data, approximately 29% of all IVF and ICSI 
cycles resulted in a twin gestation, and an additional 
5% of cycles were reported to be triplets or higher 
order [31]. Recently, efforts have been initiated by fer- 
tility centers to reduce the number of embryos trans- 
ferred. Using the database established by the Human 
Fertilisation and Embryology Authority in the UK, 
Templeton and Morris showed that the success rate for 
three or two embryos transferred were similar, and this 
reduction essentially eliminated the risk of higher-or- 
der multiple pregnancies [82]. In another prospective 
multicenter trial, women less than 36 years old with at 
least two good-quality embryos were randomized to 
either double-embryo transfer (DET) or single-embryo 
transfer (SET) [83]. This technique reduced the multi- 
ple gestations from 33.1% to 0.8%, but unfortunately 
also diminished the live birth rate from 42.9% to 27.6% 
for the SET cycle, which may not be cost-effective. 

The bypass of natural barriers to fertilization, the 
possibility of genetic defects in men with severe oli- 
goasthenoteratozoospermia, and the use of severely 
abnormal sperm for ICSI have aroused doubts about 
the impact of ICSI on the genetic complement of the 
offspring. Prenatal testing (chorionic villus sampling 
or amniocentesis) was used in 1586 ICSI fetuses after 
fresh embryo transfer. Abnormal fetal karyotypes 
were found in 47 samples (22 inherited and 25 de novo 
anomalies). In 17/22 inherited cases the chromosomal 
structural defect was inherited from the father. A sig- 
nificantly higher percentage of 2.1% de novo anomalies 
were observed for sperm concentrations below 20 mil- 
lion sperm/mL [84]. 

In one of the largest retrospective studies, Hansen 
et al. found that children born after IVF and IVF/ICSI 
had more major and minor birth defects than normally 
conceived (NC) controls [85]. These authors noticed a 
greater than twofold risk of birth defects in both con- 
ventional IVF (9.0%) and IVF/ICSI (8.6%) children 
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thenoteratozoospermia or 
ospermia, a peripheral karyotype and a search for 
AZF deletion on Yq11 should be performed. In men 
with CBAVD, mutations in the cystic fibrosis trans- 
membrane conductance regulator (CFTR) gene 
should be evaluated. The most common genetic abnor- 
mality identified on genetic screening of infertile men 
is Klinefelter syndrome (47,XXY), which has an occur- 
rence of 1 in 500 live male births and is reported to be 
present in 13% of cases of azoospermia [91]. Sperm are 
easily found in testicular biopsies from these patients 


compared to controls (4.2%). There was a higher risk 
of chromosomal defects, musculoskeletal defects, and 
multiple major defects in the ICSI cohort than in the 
NC controls. Another group from Germany prospec- 
tively evaluated 3372 ICSI children and compared 
them to matched controls [86]. A significant increase 
in major malformations of the heart, gastrointestinal 
tract, and urinary tract, as well as chromosomal abnor- 
malities, was seen in the ICSI infants as compared to 
controls. Additionally, there was a significant difference 
in gestational age, birthweight, body length, head cir- 
cumference, and Apgar scores in the ICSI children com- 
pared to NC controls. Most recently, the International 
Collaborative Study of ICSI: Child and Family 
Outcomes (ICSI-CFO) showed a significant increase 
in pregnancy complications, neonatal unit admissions, 
and admissions to the hospital greater than seven days 
for ICSI children compared to controls. Additionally, 
there was a greater incidence of significant childhood 
illnesses in ICSI children (74% vs. 57%). ICSI children 
had a greater likelihood of requiring physiotherapy and 
speech/language therapy, acquiring upper and lower 
respiratory tract infections, having dermatological or 
gastrointestinal problems, or requiring any type of sur- 
gery than NC controls [87]. A meta-analysis suggests a 
statistically significant increased risk of 30-40% of birth 
defects associated with ART [88]. 


Two recently published studies provide the first 


long-term (eight-year) follow-up of children born after 
IVF with ICSI. Leunens et al. showed that ICSI children 
do not show any delay of cognitive and motor devel- 
opment compared to naturally conceived children 


[89]. Belva et al. performed a thorough neurological 


examination and found no clinically important differ- 
ences between ICSI and naturally conceived children, 
although a major congenital malformation was more 
frequently found in ICSI children (10% vs. 3.3%) [90]. 


In cases of male infertility due to severe oligoas- 
nonobstructiveazo- 


[92], and fertilization rates greater than 50% using ICSI 


have been reported [93]. Structural chromosomal aber- 
rations of autosomes such as Robertsonian and recip- 
rocal translocations are not infrequent in oligospermic 
males [94]. 

The overall prevalence of Y-chromosome micro- 
deletions in infertile patients is 8%, and incidence of 
deletions reported varies among different studies from 
1% to 35% [95]. These deletions are extremely rare 
(0.7%) in patients with sperm concentrations greater 
than 5 million/mL [96]. Male children conceived after 
ICSI will carry the same Y microdeletions as their 
father [97]. It has been reported that up to one-third of 
patients with Turner’s stigmata and sexual ambiguity 
have associated Y microdeletions [98]. 

Cystic fibrosis (CF) is the most common auto- 
somal recessive disease in Caucasians, with an inci- 
dence of 1 in 2500 and a carrier rate reported as 1 in 
25. The CFTR identification has allowed the diagnosis 
of CF mutations in 72% of patients with CBAVD, 30% 
with CUAVD, and 34% with epididymal obstruction 
[99]. The obvious implications for reproduction in this 
population require that the female partners are also 
screened prior to any attempts at ICSI, and appropriate 
genetic counseling given. 

DNA instability has been studied by examining tri- 
nucleotide repeats in the androgen receptor gene (CAG 
repeats). Normally, fewer than 30 repeats are found 
in exon 1 of this gene. Significant expansion of these 
repeats, most likely due to failure of the DNA to repair 
itself, leads to the development of a severe neurode- 
generative syndrome (Kennedy’s disease or Kennedy 
syndrome) [100]. Yoshida et al. detected longer than 
normal CAG nucleotide repeats in normally virilized 
men with normal genitalia and idiopathic azoospermia 
[101]. Maduro et al. showed an increase in CAG repeat 
lengths in testicular tissue from infertile men when 
compared with blood tissue [102]. This suggests that 
CAG repeat expansion may be the cause of some forms 
of severe infertility. More importantly, repeat expan- 
sion may represent a more global problem with DNA 
repair. Finally, while many DNA microsatellites have 
no functional importance, accelerated expansion 
of the CAG repeat lengths with ICSI may not place 
the direct offspring in danger, but may place future 
generations from such a family at risk of developing 
Kennedy’s disease. 

Beckwith-Wiedemann syndrome (BWS) and 
Angelman syndrome (AS) are both associated 
with imprinted gene clusters. Recent reports have 
implicated a higher rate of BWS and AS in children 
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born after ICSI [103,104]. There is evidence for an 
increased risk of imprinting disorders in ICSI chil- 
dren, and that childhood cancers could be associ- 
ated, but only a few observations in the literature are 
available. 


Cost-effectiveness 


Economic factors play a major role in the consideration 
of treatment options for male reproduction. The costs 
of ART must take numerous factors into consider- 
ation, including the evaluation of the patient, the 
need for expensive fertility drugs to cause the eggs 
to mature, surgical intervention to retrieve the eggs, 
fertilizing and incubating the embryos, multiple ges- 
tation pregnancies, complications associated with 
preterm labor, prolonged hospitalization, retrieving 
and processing the sperm, and, finally, the desire for 
future children [105]. Neumann et al. reported that 
the cost was as low as $50 000 per delivery for the first 
cycle in couples with tubal-factor infertility, while the 
cost increased to $160 000 for the first cycle in women 
over 40 years old [106]. 

Given the relatively high pregnancy rates from ICSI 
combined with epididymal or testicular sperm, some 
people have been questioning the need for microsurgi- 
cal reconstruction of the male reproductive tract after 
vasectomy. However, in a recent review that compared 
the costs of vasectomy reversal to ICSI, the average cost 
per delivery for vasectomy reversal was only $25 475, 
with a delivery rate of 47%. This is in contrast to the 
cost of sperm retrieval and ICSI at an average of $72 
521, with a delivery rate of 33% [107]. Similar findings 
were demonstrated by Kolettis and Thomas when they 
compared the costs of performing vasoepididymos- 
tomy to MESA with IVF/ICSI [108]. The average cost 
for vasoepididymostomy was $31 099, with a deliv- 
ery rate of 36%, compared to $51 024 and a delivery 
rate of 29% for MESA with IVF/ICSI. Even a repeat 
microsurgical reconstruction is more cost-effective 
than ART [109]. 


Adjunctive procedures 
Assisted hatching 


The ability of a blastocyst to hatch, or escape, from 
the zona pellucida (ZP) that surrounds and protects 
the embryo during its first few days of development 
is one of many critical events that must occur for 
successful reproduction. Assisted hatching (AH) is 
achieved by zona dissection, drilling, or thinning, 


making use ofacid solutions, proteases, piezon vibra- 
tors, and lasers [110]. 

A systematic review that analyzed data on 2572 
women and more than 8036 transferred embryos, 
reported from all five continents, suggests that AH has 
no statistically significant impact on the odds of a live 
birth [111]. The review pooled data from all suitable 
trials irrespective of the AH method employed, popu- 
lation of women studied, or type of assisted conception 
procedure. 

Assisted hatching may be clinically useful in 
patients with a poor prognosis, including those with 
two or more failed IVF cycles, poor embryo quality, 
and older women (2 38 years of age) [112]. However, 
some reports suggest that it might be associated with 
higher rates of embryo damage and monozygotic 
twinning [113]. 


Preimplantation genetic diagnosis 
Preimplantation genetic diagnosis (PGD) was first 
clinically applied in 1990 for genetic testing of embryos 
developed through IVF for couples who were at risk 
of transmitting an X-linked recessive disorder [114]. 
Nowadays, it is offered as a method of allowing 
couples at risk for having children with genetic 
aberrations an opportunity to transfer only unaf- 
fected embryos and to discard embryos with genetic 
abnormalities. PGD is tested for the following 
conditions [115]: 

(1) autosomal single-gene disorders such as 
thalassemia, cystic fibrosis, Tay-Sachs disease, 
and sickle cell disease; 

(2) chromosomal rearrangements (inherited 
chromosomal abnormalities); 

(3) aneuploidy; 

(4) X-linked diseases; 

(5) nonmedical sex selection; 

(6) human leukocyte antigen (HLA) typing. 


Initially, single blastomeres were analyzed using 
multiplex polymerase chain reaction (PCR) toamplify 
X-and Y-chromosome-specific sequences. Now, FISH 
technology is routinely used for sex-chromosome 
assessment [116,117]. For single gene defects, identi- 
fication of the specific mutations has led to the devel- 
opment of specific PCR probes to identify affected, 
carrier, and normal embryos [118]. A second strategy 
in PGD is the use of the first and second polar body, 
which are extruded during maturation and fertiliza- 
tion of oocytes, for PCR and FISH analysis [119]. 
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Preimplantation genetic screening (PGS) for 
aneuploidies has been performed in patients with 
advanced maternal age, unexplained recurrent mis- 
carriage, recurrent implantation failure, nonob- 
structive and obstructive azoospermia (NOA and 
OA), and severe sperm morphology anomalies. 

As far as male factors are concerned, an increased 
aneuploidy rate has been observed on both testicular 
and epididymal spermatozoa from NOA and OA com- 
pared with normozoospermic men (19.6% vs. 8.2% 
vs. 1.6%, respectively) [120]. Increased aneuploidy 
and mosaicism rates have also been demonstrated on 
embryos derived from azoospermic men (NOA and 
OA) compared with embryos derived from fertile 
men [121,122]. Multiple studies have documented an 
enlarged frequency of sperm chromosomal anomalies 
in teratozoospermic spermatozoa [123,124], thereby 
generating controversy as to whether these patients 
should undergo ICSI. Although infrequent, macro- 
cephalic spermatozoa have been more extensively 
studied in the context of PGS, because they seem to be 
more strongly related to aneuploidy [125]. 

The current follow-up of children born after PGD 
indicates, so far, no detrimental effect of the biopsy, 
as no differences have been reported when compared 
with children conceived in conventional ICSI cycles 
[126]. Verlinsky and coworkers have also reported on 
the follow-up of 754 babies born after 4748 PGD cycles 
without a significant increase in the prevalence of con- 
genital malformations [116]. 


Experimental procedures 
Round spermatid nucleus injection 


Round spermatid nucleus injection (ROSNI) is 
a method of IVF in which immature sperm are 
injected directly into the egg. Although some repro- 
ductive centers have shown some success with ROSNI 
[127-130], there is much concern about the health of 
the offspring conceived through this technique, espe- 
cially sex-chromosome abnormalities and genomic 
imprinting [131]. 


Cytoplasmic transfer 


Normal development capability has been returned 
to eggs with ooplasmic deficiencies by transfer of 
ooplasm from a normal donor egg. This procedure is 
prohibited in many countries because of concerns 
raised over the insertion of third-party mitochon- 
drial DNA, which appears to be maintained in the 
offspring. To date, there has been no evidence of 


abnormalities in these children as a result of this for- 
eign DNA [132]. 


Somatic cell nuclear transfer: cloning 

In 1997, the use of a somatic cell nucleus in the sheep 
culminated in the birth of the famous Dolly. This has 
been successfully followed in rodents, cats, pigs, cows, 
sheep, mules, dogs, and horses. The cloning process 
has great research potential, i.e., a cloned entity could 
be the source of an inner cell mass for the creation of 
a stem cell line. It is obvious that a clear distinction 
needs to be made between nuclear cloning for repro- 
ductive purposes and nuclear cloning for therapeutic 
or investigational purposes [133]. 


Conclusion 


The availability of in-vitro fertilization, further 
expanded to the use of micromanipulation, has allowed 
couples with severe male-factor infertility, previously 
considered sterile, to conceive a child of their own bio- 
logical background. On the other hand, this technology 
is followed by great expense together with known and 
unknown risks to the offspring. Therefore, the urologist 
should be aware of the limitations of these procedures, 
and identify the cause of the male’s infertility and treat 
it whenever possible. 
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Introduction 


Parenthood has profound meanings for most people. 
For women, motherhood is often pivotal to identity. 
Our culture has clearly encouraged women to assume 
the biologic role of giving birth and nurturing children. 
For men, fatherhood may mean responsibility, a “relin- 
quishment of a way of life that in the Western world is 
implanted into the male psyche from birth ... On the 
one hand is the unquantifiable drive and desire to father 
children, which neither experience of life nor role mod- 
els seem yet to disillusion us about, whilst on the other 
hand is the potential fear of loss of freedom and the 
potential restrictions of fatherhood and responsibil- 
ities” [1]. It is this type of ambivalence that may explain 
why men are sometimes less eager or determined than 
their partners to pursue parenthood. 

Nonetheless, the dream of having children is one 
that is commonly shared by most couples of repro- 
ductive age. The expectation of having a family not 
only is shared by the individuals themselves, but also 
is highly valued by society. In our culture and others, 
fertility stands for productivity, growth, and continuity 
[2]. For most, it is a basic expectation of life - a continu- 
ation of the human life cycle. For many, parenthood 
signifies not only a renewal of life, but also immortality. 
Anything that threatens to leave this dream unfulfilled 
can be devastating, and may ultimately threaten self- 
esteem and status as well as relationships. As a result, 
when both men and women are faced with uncertainty 
about if or how they will ever become parents, it can be 
anticipated that they will experience a number of psy- 
chological responses. 

The objectives of this chapter are fourfold: (1) to 
provideanoverviewofthecommonpsychologicaland 
emotional responses to infertility; (2) to review cur- 
rent literature as it pertains to the emotional aspects 
of male-factor infertility as well as gender differences 


Psychological issues of infertility and 
assisted reproductive technology 


in the responses to the infertility condition; (3) to 
discuss some of the psychological issues associated 
with male-factor infertility and the assisted repro- 
ductive technologies; and (4) to provide an overview 
of some of the common psychosocial issues and ethi- 
cal concerns associated with disclosure versus non- 
disclosure in gamete donation (specifically sperm 
donation). In fulfilling these objectives, recommenda- 
tions for ways in which the medical team can be sensi- 
tive to or assist patients in managing these issues will 
also be provided. 


Overview: common psychological and 
emotional responses to infertility 


The experience of infertility is often defined as a life 
crisis. Its impact upon self-image, marital relation- 
ships, and relationships with family and friends can 
be significant. The medical evaluation and treatment, 
including financial costs, can sometimes be exceed- 
ingly difficult to manage emotionally. Such a crisis is 
generally unanticipated, and many individuals and 
couples tend to lack sufficient strategies and skills for 
managing the situation. 

As with any crisis, infertility can be defined as a 
pivotal point in life development that presents an indi- 
vidual with both the opportunity for emotional growth 
and the danger of increased vulnerability to psychiatric 
distress. Certainly, the outcome of this crisis depends 
to some degree on the individuals own personality 
structure and internal coping mechanisms. The emo- 
tional upset that many infertile people feel during 
this crisis is usually associated with subjective feel- 
ings such as anxiety, fear, sadness, guilt, and shame. 
Additionally, the distress can also be accompanied by 
feelings of helplessness and ineffectuality in the face 
of what appears to be an unsolvable problem. What is 
striking about many of those dealing with infertility 
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is that they may experience a great deal of anger, anx- 
iety, or depression relative to being unable to predict 
or control treatment outcomes. 

From a professional standpoint, many health and 
mental health professionals share the same kinds of 
uncertainty when working with this population. As 
Malstedt notes, 

Physicians who specialize in reproductive medicine and 

their staffs are also having to live with the frustrations 

of not knowing what is going to happen next or how 
to respond to patients’ needs for answers ... It appears 
that all participants in assisted reproductive technology 
live each day with hope that their medical goals will be 
achieved, with uncertainty about the duration and rami- 
fications of their treatment decisions, and with the desire 
to create a happy ending for all involved [3]. 


For infertile couples who enter treatment using the 
assisted reproductive technologies, there is a tendency 
to move forward with both hope and fear. 

Unlike many other types of life crises, infertility 
is particularly noteworthy with respect to its chron- 
icity. This condition seldom resolves itself within a 
matter of days, weeks, or even months. Often, infertile 
individuals find that they must endlessly come up with 
the energy and resources (physical, emotional, and 
financial) necessary to adapt to the cyclic changes in 
their bodies, to treatment disappointments, to the new- 
est medical technologies and interventions, to overt as 
well as covert pressures from family, friends, and soci- 
ety - not to mention to the detrimental effects that the 
infertility often has on a couple's relationship. 

The infertility experience can also become a part 
of every waking moment for many patients and their 
partners. It can dictate decisions regarding career 
development and employment, vacations, and holi- 
day and family get-togethers. It can sometimes make 
household expenditures nearly impossible. In effect, 
many patients often describe themselves as feeling 
“stuck,” or as seeing their lives as out of balance and out 
of control. 

As noted, infertility can be a threat to the patient’s 
self-esteem, identity, and self-confidence. When both 
men and women are faced with uncertainty about if or 
how they will ever become parents, it can be anticipated 
that they may have a number of specific psychological 
responses to this condition. These include depression, 
guilt, stress and anxiety, and social isolation. 


Depression 


The inability to conceive a child is fraught with loss, 
or potential loss. Mahlstedt notes that, in varying 


degrees, the experience of infertility involves (1) loss 
of a relationship, (2) loss of health, (3) loss of status or 
prestige, (4) loss of self-esteem, (5) loss of self-confi- 
dence, (6) loss of security, (7) loss of a fantasy or the 
hope of fulfilling an important fantasy, and (8) loss of 
something or someone of great symbolic value [3]. She 
adds that each of these losses in adulthood has been 
seen as an etiologic factor in depression. The inabil- 
ity to do what many others do so naturally is particu- 
larly painful. Some individuals describe themselves 
as feeling defective and worthless. For those whose 
self-esteem is significantly dependent on the ability to 
accomplish goals, the failure to conceive or bear a child 
becomes easily reinterpreted as failure as a person. 
Individuals and couples then tend to focus on what 
they do not have or have not accomplished, and they 
lose sight of the many positive, productive components 
of their lives. Depression often results from this style of 
thinking. 

Depression is an understandable response to the 
emotional pain engendered by infertility. It should 
be stressed, however, that severe, ongoing depres- 
sion can develop that results in feelings of hopeless- 
ness, inability to function in daily life, severe anxiety 
or agitation, and suicidal ideation or behavior. This 
condition requires prompt mental health interven- 
tion, and should not be ignored or dismissed as an 
overreaction to the infertility. 


Guilt 


Closely associated with the sense of personal failure is 
guilt. Patients may describe themselves as feeling per- 
sonally responsible for their infertility. The condition 
may therefore be seen as punishment for working in 
stressful jobs, for having had a previous abortion or 
an affair, or for having postponed parenting decisions 
because of career demands. It is not uncommon for 
such guilt to take on an obsessive quality, particularly 
as patients begin to feel less and less in control of their 
treatment outcomes and consequently their futures. 
Regret and self-blame become common psycho- 
logical sequelae as the infertility continues. 


Stress and anxiety 


Infertility has often been described as an emotional 
roller-coaster ride, a ride that is fraught with hope one 
day and despair the next. These ongoing emotional ups 
and downs can create significant levels of chronic stress 
and anxiety on a monthly basis. Couples must manage 
the physical, emotional, and financial concerns related 
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to infertility - concerns that are particularly true for 
those undergoing the assisted reproductive technolo- 
gies. Women often have to juggle medical tests and 
appointments with work responsibilities; financial 
burdens may mount; and men often worry about their 
partners’ well-being as well as occasional male-factor 
issues. Couples can never truly be guaranteed that 
their efforts will be rewarded, and the anxiety goes on 
and on. ‘The infertility experience creates significant 
stress for couples. Although most experts note that 
there is little evidence that stress causes infertility, 
most believe that there can be a relationship between 
the two. 


Social isolation 

Another common and difficult aspect of the infertil- 
ity crisis can be social isolation. Because few infertile 
couples have friends or family members who have 
also confronted infertility, they usually feel different 
or alone. With some exceptions, those who have not 
personally experienced infertility may not truly under- 
stand the emotional pain and suffering it brings. Those 
who choose to talk about their infertility are often sub- 
jected to insensitive, rude, or even insulting comments 
from others. Couples who decide not to share their fer- 
tility problems may carry around a painful emotional 
burden. In either case, there is a tendency to withdraw, 
to avoid people with children and/or activities that 
include children. In so doing, the resulting feeling of 
isolation can significantly affect self-esteem, and the 
couple feels prohibited from being part of a larger, 
childbearing society. 


Review of literature 


Lipshultz has pointed out that male infertility is a wide- 
spread problem that often continues undiagnosed or 
untreated [4]. He notes that men are commonly poorly 
informed about possible treatments, embarrassed 
about discussing the issue with medical professionals, 
or “concerned about the stigma of being labeled ‘infer- 
tile?” Lipshultz adds that some men’s hesitancy to be 
tested for infertility can confound the worry and frus- 
tration of “an already stressed couple.” Clearly, there 
appear to be a wide range of psychosocial issues that 
impact and/or result from male-factor infertility. 
Overall, the data pertaining to the psycho- 
logical components of male-factor infertility are 
relatively scarce, since it appears that infertile men 
have been studied with less frequency than women. 
More research has been done within the context of 


gender-specific responses to infertility diagnoses. Such 
a diagnosis may have profoundly different meanings 
for each gender. As Petok notes, “Infertility denies a 
woman the important function of mothering ... At the 
same time, the loss for aman becomes a failure to create 
a commodity that will carry on his name and genetic 
line” [5]. 

Hjelmstedt et al. found that women reacted more 
strongly to their infertility than men, and significantly 
more men than women had not confided in anyone 
about their infertility problem [6]. Ofadditional interest 
was the finding that men were more likely to use infor- 
mation seeking as a coping style for managing infertil- 
ity distress than were women. One small, recent study 
in Ireland undertook to assess mood profiles in infer- 
tile men and to investigate whether etiological factors 
of infertility have any impact on mood [7]. The study 
found detectable anxiety levels in 32% of male subjects 
(n = 50), and those with oligospermia described higher 
levels of anxiety than did other patient subgroups. 
Notably, and perhaps unlike their female counterparts, 
there were no cases of depression in the study popula- 
tion. Dhaliwal et al. found that anxiety was significantly 
greater in the partner with the infertility problem [8]; 
however, whereas men tended to experience anxiety, 
women were more likely to experience depression. 
Several research efforts have also pointed to the ten- 
dency for infertile men to understate or “disguise” 
their levels of emotional distress and upset relative to 
their infertility [9,10]. 

Mason also studied infertile men in the United 
Kingdom [11]. Hersmall study group (n=22) described 
their feelings about not being able to have their own 
biological children. Common themes for these men 
were feelings of guilt, shame, anger, isolation, loss, and 
a sense of personal failure. In addition to discussing 
their pain, they also commented on how they learned 
to cope with their condition. Nachtigall and colleagues 
similarly described reactions of infertile men as being 
feelings of stigmatization, loss of potency, role fail- 
ure, and reduced self-esteem [12]. Others have also 
reported feelings of personal and sexual inadequacy, 
sexual dysfunction, depression and hopelessness, hos- 
tility, and guilt [13,14]. 

A number of studies have found, too, that men 
typically adopt coping strategies such as denial, dis- 
tancing, and avoidance that allow them to manage 
the potentially painful implications and realities of 
sucha diagnosis. Asa result they tend to portray them- 
selves as being especially unstressed [10]. 
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Although women seem to have stronger negative 
responses to the infertile condition, the emotional 
power and depth of this experience for both men and 
women cannot be overstated. The inability to have a 
child ultimately leaves many couples feeling intensely 
helpless and vulnerable. Regardless of all their phys- 
ical efforts and financial costs, there are no guarantees 
or certainties that they will conceive or give birth to 
a healthy child. These feelings of powerlessness and 
loss of control may be foreign to many who con- 
front infertility. The problem may not be solved, and 
this relentless fear seems to underscore much of the 
depression and anxiety that many infertile people 
experience. 


Recommendations to the medical team 


It appears that research on the psychological reactions 
to specific types of male-factor infertility, as well as 
to specific female-factor infertility diagnoses, is still 
limited. Hardy and Makuch note the different ways in 
which men and women view childbearing, but again 
stress that women are more likely to respond to the 
condition with depression and anxiety, regardless of 
which partner carries the diagnosis [15]. In any case, 
most infertile patients, at one point or another, feel 
debilitated by their infertility and also tend to describe 
themselves as feeling unsupported by healthcare pro- 
fessionals in their efforts to become parents. 

As a result, it is important for the medical team 
to develop an awareness of the emotional impact of 
infertility. Physicians, nurses, laboratory personnel, 
receptionists, and other healthcare professionals can 
often be more effective with infertility patients if they 
also understand the many ways in which infertility 
and its treatment disrupt all infertile couples’ lives. 
Recognizing that distress, sadness, and frustration are 
intrinsic to the experience helps couples also feel that 
their responses are a normal (albeit painful) part of the 
process. Patients who feel understood and respected 
tend to respond with respect, and may also respond 
more effectively to medical recommendations. 

Second, the medical team should encourage both 
partners to participate in treatment whenever pos- 
sible. When both partners are present for a medical 
consultation or procedure, their ability to hear and 
comprehend the information that is imparted is sig- 
nificantly increased. Patients can not only learn from 
the physician or nurse, but also ask questions, and 
learn from each other. Putting information in writing 
also enables couples to discuss what needs to be done, 


review instructions and expectations at home, and 
make informed choices. When both partners are pre- 
sent for consultations, it can also help to prevent one 
person from feeling that he or she is the sole cause of 
the problem or the one responsible for fixing it. 

Third, it is ultimately helpful to everyone if the 
medical team can broaden the definition of success- 
ful treatment. Patients who are reluctant to continue 
infertility treatment, or who are definitely committed 
to ending it, need not be led to feel that they are quitters 
or failures. Although pregnancy and childbirth are def- 
initions of success, another is feeling a sense of satisfac- 
tion and closure with the ways in which the emotional 
pain was managed and decisions were made during 
treatment. Perhaps “success” can then be measured 
by patients as truly believing that they did the very 
best they could with the physical, emotional, and 
financial resources they had available. 


Psychological issues associated with 
the assisted reproductive technologies 
In-vitro fertilization (IVF) and 
intracytoplasmic sperm injection (ICSI) 


Many couples whose infertility treatment requires 
in-vitro fertilization (IVF) also need intracytoplas- 
mic sperm injection (ICSI) as a part of the procedure. 
In many respects ICSI has revolutionized infertility 
treatment as a whole. Certainly for men with oligo- 
spermia or poor semen quality, the use of ICSI has 
produced dramatic results in terms of pregnancy 
rates. Nonetheless, the procedure, although poten- 
tially making a male infertility diagnosis obsolete in 
some cases, is also not without emotional side effects. 
A1998 study hypothesized that male ICSI patients with 
higher-level male-factor diagnoses would experience 
more emotional distress than their IVF-only coun- 
terparts [16]. Additionally, it was hypothesized that 
the greatest difference in distress scores would occur 
during active stages of these procedures, such as when 
men were required to produce a sperm sample and 
learn whether or not the oocytes had fertilized. Daily 
data were obtained, and emotional subscale data were 
divided into distress and optimism variables. Patients 
needing ICSI were found to report more distress dur- 
ing the two days prior to active stages of treatment. 
The researchers concluded that men undergoing ICSI 
experienced more anticipatory anxiety than those in 
the IVF group. At the same time, the study concluded 


519 


520 


Chapter 30: Psychological issues of infertility and ART 


that the availability of the ICSI procedure may also 
help reduce feelings of loss and hopelessness, because it 
offers a possible solution to the couple's infertility that 
enables them to have a child who is genetically related 
to both partners. Both research data and clinical 
experience have shown that providing a sperm sample 
during this crucial stage of IVF/ICSI treatment could 
(and does) increase performance anxiety for both fer- 
tile and infertile men. Pook et al. [17] and Clarke et al. 
[18] have also studied the role of psychological stress, 
in general, and found that it has a predictive value for 
changes in sperm concentration and motility, regard- 
less of whether or not there is a male-factor infertility 
diagnosis. 


The use of donated gametes 


The successful use of assisted reproductive technolo- 
gies over the past 25 years or more has brought with 
it procedures that allow couples who cannot conceive 
using their own gametes the alternative of achieving 
pregnancy through the use of donated oocytes, donated 
sperm, and even donated embryos. However, for most 
couples considering gamete donation of any type, this 
isa difficult and emotionally painful process. It creates 
intense feelings of loss, forces couples to contemplate 
their biologic mortality, and demands that they recon- 
sider their reasons for wanting to become parents. 

Hans Kohut, a renowned personality theorist, pos- 
ited that a stable and sustainable sense of self is central 
to human happiness [19]. He noted that the self, the 
organizing force of the personality that guides how we 
live our lives, can be disrupted by the disappointment 
or frustration of a person’s innermost hopes and aspir- 
ations. When the disruption is severe enough, a per- 
ceived deficit of the self can occur, with the concomitant 
loss of hopefulness about life along with other psycho- 
social dysfunction. A significant effect of a deficient 
sense of self is shame. Thus, couples who must face 
decisions about the use of donated gametes face one 
such potentially shame-producing disappointment. 
The decision to move forward with donor conception 
also tests the couple’s relationship. Together partners 
must shift to thinking about how parenting a child who 
is genetically connected to only one of them may be 
different from parenting a child who is connected to 
both of them. 

Mahlstedt and Greenfeld note that gamete dona- 
tion is neither a cure nor a treatment for infertility. 
They stress, 

The time has come for the experts in reproductive tech- 

nologies (1) to consider the likelihood that assisted 


reproductive technologies with donor gametes is psy- 
chologically different from procedures using the bio- 
logical gametes of both parents conceiving a child and 
(2) to stop pretending that once the child is in the couple’s 
arms, they will not give another thought to how it all hap- 
pened. Conceiving with donor sperm is not the same as 
conceiving with husband sperm; someone else’s eggs are 
not the same as one’s own. Because they have tried for 
yeas to conceive a child biologically related to them both, 
couples know this [20]. 


Understanding the need for emotional prepar- 
ation in relation to gamete donation is an import- 
ant part of the process both for patients and for the 
medical team. Requiring that all patients have a con- 
sultation with a trained mental health professional 
eliminates any suggestion that an individual or couple 
is being asked to see a fertility counselor because they 
have a particular problem or lifestyle, and places the 
focus appropriately on the need for support and infor- 
mation. Itisalso within this context that the American 
Society for Reproductive Medicine (ASRM), in its 
2006 Guidelines for Gamete and Embryo Donation 
recommends that referral for evaluation and counsel- 
ing be made available to couples before they attempt 
to conceive through gamete or embryo donation so 
as to avoid adverse emotional and psychological con- 
sequences of the procedure [21]. The psychological 
evaluation is also intended to rule out gross psycho- 
pathology and depression, potential substance abuse, 
as well as a history of current or past family violence or 
abuse. Marital stability is also assessed within the con- 
text of the consultation. 

In addition, the psychological interview and con- 
sultation with the recipient couple allows the men- 
tal health professional the opportunity to assess the 
couple’s readiness and gives both partners a chance to 
voice their thoughts and feelings on the donor gam- 
ete issue. It allows each person to process his or her 
partner’s thoughts and feelings as well. Most certainly, 
couples must be encouraged to grieve their infertility 
before using donor gametes. It has been this author’s 
years of clinical experience that all parties are respon- 
sive to having the opportunity to spend time with the 
mental health professional. It is often the first oppor- 
tunity each partner has to sort out the many feelings 
regarding the decision to become parents through 
gamete or embryo donation, and it provides them with 
a resource person from whom they can seek assistance 
as they grapple with some of the more complex issues 
regarding this decision. Ultimately, these discussions 
are protective for both the recipient couple and the 
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potential offspring, and can have important ethical 
and psychological implications for these families 
and possibly for their generations to come. 


Microepididymal and testicular sperm 
retrieval and the use of “donor backup” 


There are virtually no data at present regarding 
the psychological impact on couples for whom it is 
recommended that they arrange for “donor sperm 
backup” prior to undergoing a surgical sperm aspir- 
ation procedure and IVF. One could certainly expect 
that reactions to this recommendation are usually 
intense, in part because many patients are ill-prepared 
psychologically and emotionally for such a possibility. 

Most couples who are dealing with a diagno- 
sis of azoospermia are distressed and anxious, at the 
very least. The notion that a surgical procedure might 
allow them the possibility of creating a biological child 
together can fill them with hope and optimism, even 
when being given less-than-optimistic chances of suc- 
cess. The stated low statistical chances and realities of 
retrieving sperm for ICSI and IVF can often be denied 
by the infertile couple, as is the idea of actually using 
donor sperm with the eggs retrieved. Although cou- 
ples may understand the practical advantages of hav- 
ing “donor backup” sperm available so that the costly 
IVF cycle is not lost, their lack of emotional readiness 
for this possibility can potentially result in a crisis. 
Not only is the couple confronted with deep feelings 
of shock, grief, and sadness, but they must also sim- 
ultaneously accept the real possibility of conceiving 
a child through donated gametes. Berger et al. have 
indicated that most patients diagnosed with severe 
male-factor infertility have reported major symp- 
toms such as insomnia, depression, weight loss, and 
reduced libido in the months following the diagnosis 
[22]. Seibel has, as a result, pointed out that delaying 
donor insemination for “at least six months after the 
diagnosis ... seems to increase marital satisfaction 
and improve self-concept. Patients who do not do so 
are more likely to experience marital strain, anxiety, 
and depression” [23]. Therefore, patients who must 
immediately move to “donor backup” may truly be at 
risk for increased psychological disruption and dif- 
ficulties. Understanding and responding to the need 
for emotional preparation relative to this procedure 
is imperative. 


Known versus anonymous donation 


In the case of gamete donation, the terms “known” and 
“anonymous” can be confusing at best. Historically, 


most of gamete donation was performed anonym- 
ously, and this often continues to be the case, especially 
for sperm donation. (The ready availability of frozen 
sperm through donor banks, legal and governmental 
requirements for HIV testing, and the desire for priv- 
acy, tend to encourage the use of anonymous, donated 
sperm.) In general, anonymous gamete donation 
means that recipient couples are provided with non- 
identifying information about the donor, includ- 
ing physical characteristics, ethnic background, 
profession, as well as hobbies and interests. It has 
been pointed out, however, that anonymity implies 
“no identity,” and there appears to be a growing trend 
toward more openness in the use of donor gametes, as 
“anonymous” donors are willing and interested in pro- 
viding information to recipient families, and families 
are more secure with having social, educational, and 
medical histories that they can later share with their 
children [24]. 

The use of a “known” donor is applied either to an 
individual whom the couple knows personally or one 
with whom they have some degree of a relationship, 
such as a friend, sibling, or other relative. Therefore 
the use of the term “identified” donor can perhaps 
be more useful when referring to a gamete donor 
who is not personally known to the recipient couple, 
but is someone the couple has selected through a 
clinic, sperm bank, or agency, on the basis of pho- 
tos, family and ethnic background, medical, educa- 
tional, and work information, and so on. There is an 
anonymous component to the use of an “identified” 
donor because the recipient couple may or may not 
know the full name of the donor, nor does the donor 
know much, if anything, about the recipient couple. 
Although the recipients and donor may have had direct 
contact with one another, there is no expectation of an 
ongoing relationship between them. 

It appears that there is a range of psychological 
benefits and costs to the use of known, identified, 
or anonymous gamete and embryo donation. Many 
couples strongly prefer the use of an anonymous donor. 
They believe that the anonymity helps to distance them 
emotionally from the donor and allows them to feel 
that the resulting offspring is truly their child. Knowing 
the donor, or seeing a photograph, will only serve to 
remind them of their feelings of loss, sadness, or inad- 
equacy. The use of a known donor may also raise fears 
of potential boundary confusion between themselves, 
the child, and the donor. 

On the other hand, there are also a significant num- 
ber of couples, usually undergoing oocyte donation, 
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who strongly prefer the use of a known or identified 
donor. In selecting this type of gamete donor, the indi- 
vidual or couple may feel that they are given more con- 
trol over the process. They believe that it is important to 
knowas muchas possible about the donor’s personality 
style, genetic and medical background, ethnicity, and 
appearance. Similarly, many couples have felt that hav- 
ing a sibling or a relative as a gamete donor was critical 
to their idea of genetic continuity and connection to the 
offspring. For some, the idea of using the gametes of a 
“stranger” is not only unacceptable, but also abhorrent. 


Confidentiality, privacy, and secrecy in 
gamete and embryo donation 


Consultations, evaluations, and treatment between 
infertile individuals and healthcare professionals 
are covered by the expectation that confidentiality is 
protected by law, medical ethics, and general medi- 
cal practice. At the same time, an anonymous gamete 
donor’s confidentiality can be protected through the 
sharing of only nonidentifying information to the 
recipient couple. 

Privacy is another component of the gamete dona- 
tion process that primarily involves the recipient 
couple. It refers to “the couple’s right to decide who, 
outside their relationship, will know about the donor 
conception: family, friends, and society in general” [3]. 
Privacy is usually seen as a positive aspect of a fam- 
ily’s efforts to protect its boundaries, and there are 
certainly some aspects of people's lives that are theirs 
to keep as private as they wish. Secrecy, however, can 
potentially have negative implications for a family. 
In this case, it has to do with withholding information 
that can affect a person’s life — the life of the offspring 
created with donor gametes. Secrecy therefore involves 
a decision not to tell a child about his or her genetic 
origins, and it may intrude on the child’s right to know. 
It also involves pretending that the child is the genetic 
offspring of them both. Ultimately, as Mahlstedt notes, 
“The issue of secrecy is controlled by the recipient cou- 
ples alone” and does not involve the medical team or 
the donor, unless the donor is known by the couple [3]. 
Theimpact and implications of privacy versus secrecy 
will be further discussed in the context of disclosure 
and nondisclosure in a later section of this chapter. 


Recommendations to the medical team 


For couples who undertake IVF and ICSI procedures 
Prepare the couple using a “team approach.’ Often the 
medical team, physicians, nurses, administrators, and 


mental health professionals are utilized to help inform, 
prepare, and support couples before, during, and after 
the procedure. These health professionals all can playa 
role in meeting with new patients to discuss medical, 
financial, emotional, and logistical aspects of the IVF 
process that may or may not involve the ICSI proced- 
ure. From the initial consultation, the staff must cre- 
ate an environment in which patients feel free to ask 
questions and express their feelings and concerns, 
knowing that acceptance and support will be given. 

Preparation for the IVF and ICSI procedures also 
should include a discussion of the potential emo- 
tional stresses involved. This process may be started 
in consultation with a mental health professional or 
the nursing team. The goals of this consultation are to 
normalize the many emotional responses and anxieties 
that couples experience through these procedures, to 
help them develop more effective coping strategies for 
dealing with their anxieties, fears, and potential disap- 
pointments. Ultimately, the aim of this consultation 
can be to broaden the focus of the emotional experi- 
ence of IVF/ICSI so that couples can succeed in achiev- 
ing certain goals besides conception. 

Regardless of whether or not there is diagnosed 
male-factor infertility, it is important that the male 
partner be involved in the ART process. He can give 
injections, come for blood testing and ultrasounds, and 
be there for oocyte retrieval and recovery. This type of 
involvement enhances and personalizes the experience 
for both partners. 

Lastly, the medical team should also plan for 
follow-up. This planning can begin at the time of the 
initial consultations. This includes suggestions for 
coping if there is no pregnancy, discussion about the 
treatment plan and future IVF cycles, and resources 
for information and support through infertility con- 
sumer organizations such as Resolve, the National 
Infertility Association (www.resolve.org). Couples 
who do not achieve a pregnancy when embryo trans- 
fer has occurred generally experience grief reactions 
similar to those of couples experiencing spontaneous 
abortion; severe disappointment and depression are 
common responses. They are often isolated from sup- 
port, and a follow-up call from the physician, nurse, or 
mental health professional can reassure couples of the 
appropriateness of their feelings. This type of caring 
follow-up can go a long way in soothing the pain of a 
failed IVF/ICSI cycle. Even those who do conceive will 
need continued support, as they often fear that they 
will lose the pregnancy. Guidance and education about 
the pregnancy should be given immediately. 
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For couples using “donor backup” or donated gametes 
To assess readiness for gamete donation as well as 
“donor backup,’ it is important for mental health pro- 
fessionals, as well as others on the medical team, to 
explore the individual's and couple’s reasons for choos- 
ing gamete donation. It is important that both part- 
ners understand the implications of this decision and 
take into account the pros and cons of gamete dona- 
tion versus adoption or child-free living. Neither part- 
ner should agree to move forward with third-party 
reproduction just because it has been strongly rec- 
ommended by a professional or because he or she 
feels coerced by the other partner, family members, 
societal pressures, or other factors. The use of “donor 
backup” in conjunction with other treatments should 
be carefully explored and considered prior to surgical 
treatment, and should not be a decision by default at 
the last minute. Assessing readiness often involves the 
exploration of covert and overt pressures, such as the 
husband who is ashamed and ambivalent about his 
infertility or the wife who must experience pregnancy 
and childbirth in order to fulfill her views of mother- 
hood. In summary, it is imperative that the couple be in 
full agreement about the decision to proceed with gam- 
ete donation or “donor backup” and consider it a posi- 
tive alternative method of family building [25]. Couple 
acceptance of the means of conception is also impera- 
tive for a positive adjustment for the child [3]. 

It is also highly recommended and very import- 
ant that whenever a known or identified gamete 
donor is used, a psychosocial evaluation and consult- 
ation be performed with all involved parties, includ- 
ing the partner of the potential donor. In the case of 
known donors, it is important to explore the history 
of the relationship between the donor and the recipi- 
ent couple to ensure that there is no coercion or other 
motivations that could lead to emotionally unhealthy 
and unhappy outcomes for everyone, especially the 
potential offspring. Marshall also urges that fertility 
programs require prospective participants, includ- 
ing recipients, intrafamilial sperm donors, and their 
partners, undergo psychological counseling by a pro- 
fessional knowledgeable about gamete donation [26]. 
Counseling would include an examination of emo- 
tional risks, possible impact on family relationships, 
and what information will be disclosed to the offspring. 
In addition, the potential nature of the relationship and 
boundaries between the child, his or her parents, and 
the gamete donor must be addressed, examined, and 
clearly defined. These evaluations and consultations 


are intended to avoid any likelihood of future trauma- 
tization of the child as well as other family members 
[27]. The physician or fertility clinic should not feel 
obligated to agree to every request for intrafamilial 
sperm donation, especially where there are indica- 
tions of coercion, or unhealthy family dynamics [26], 
as should be the case in any form of known gamete 
donation. 


Psychological issues associated with 
disclosure and nondisclosure in 
gamete donation 

Historical factors 


As an alternative family-building option, donor 
insemination has been around for at least 100 years 
[28]. It appears that, historically, this option has been 
shrouded in secrecy for a number of reasons. First, 
male infertility, as opposed to female-factor infertility, 
has generally been a more neglected issue in medical 
treatment and research [1]. Secondly, male infertility 
still tends to be associated with a lack of masculinity 
or virility and sexual functioning. Thus, these factors 
have resulted in greater stigmatization and shame 
than has been noted in female-factor infertility. 
Moreover, donor insemination (DI) itself has not only 
been associated with masturbation, but also conjures 
up fantasies of the involvement of a second male in an 
adulterous relationship. 

Over the years, donor insemination has thus been 
viewed with suspicion and seen as morally or reli- 
giously unacceptable. As a result, the procedure 
was seldom publicly acknowledged, and physicians 
strongly encouraged secrecy. Similarly, infertile cou- 
ples themselves felt compelled to maintain secrecy in 
order to protect themselves and their child(ren) from 
stigma and shame. As Daniels notes, “this secrecy has 
been presented as a natural component of DI” [29]. In 
his view, secrecy breeds inequality in relationships, 
since some people have significant information about 
an individual that the individual him- or herself does 
not have. Secrecy, therefore, has the potential to dam- 
age everyone involved, and can specifically damage 
the well-being and happiness of the families created 
through donor insemination [29]. 

It appears that, although secrecy (and anonym- 
ity) has historically surrounded the use of donated 
sperm, this has not necessarily been the case with 
ovum donation. Cooper and Glazer point out that one 
of the primary differences between sperm donation 
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and ovum donation is that known donors are much 
more frequently used for oocyte donation [30]. They 
identify two major explanations for this difference: 
practicality and gender differences. From a practical 
standpoint, oocytes are more difficult to obtain and 
cannot yet be easily cryopreserved for future use. The 
physical invasiveness of the procedure means that most 
donor oocyte programs do not maintain a large pool 
of available donors. Historically, because of the lack of 
available oocytes for donation, recipient couples were 
encouraged by clinics to “bring a donor” - often a sis- 
ter, cousin, or friend. Clearly the use of a known oocyte 
donor has significant implications regarding the 
notion of secrecy (as it also does in the case of sperm 
donation). 

As noted previously, the desire for secrecy and ano- 
nymity in sperm donation has been due, in part, to 
efforts to protect men from the shame associated with 
their infertility. Women, in addition to being encour- 
aged to bring a known oocyte donor, are more likely 
to talk with friends and family about their infertil- 
ity experience. They may feel more comfortable and 
accepting of using a known donor; at the same time, 
they also want and need to feel supported by those with 
whom they are emotionally closest. Sharing their infer- 
tility fears and concerns with significant others can be 
seen as an important coping strategy [25], as opposed to 
men, who are likely to employ other forms of coping. 

It appears that couples, both donor sperm and 
donor oocyte recipients, recently have become more 
open to considering disclosing the means of concep- 
tion to their offspring. Most infertility physicians have 
also begun to step back and encourage couples to con- 
sider this issue, often with the assistance of an infer- 
tility counselor or psychotherapist. In fact, the Ethics 
Committee of the ASRM now supports disclosure 
from parents to offspring about the use of donor gam- 
etes in their conception, and has made suggestions for 
policies for fertility programs and sperm banks [31]. 
The use of a known or anonymous donor, as well as 
thoughts and feelings about secrecy in the use of donor 
gametes, most certainly impacts couples’ decisions 
regarding disclosure or nondisclosure to others - and, 
most importantly, to their potential offspring. 


Social and religious factors 


As Mahlstedt points out, society places a high value 
on children and parenthood, but is ambivalent about 
creating families in nontraditional ways [3]. Most 
certainly, the ability to do so has been underscored 


by the medical and scientific developments in the 
assisted reproductive technologies. At the same time, 
some forms of Judaism and Islam, as well as Roman 
Catholicism, forbid the use of donor gametes in con- 
ception. Ironically, the pressure placed upon couples 
by many religious communities to bear children can be 
palpable. For many of these individuals, the effort to 
balance religious beliefs and teachings with the fer- 
vent wish to have a biological or genetic connection 
to a child can prove to be a difficult and painful pro- 
cess - one that might naturally lead to nondisclosure 
and secrecy. 

Even in more open communities, in the United 
States and abroad, the decision to use donor sperm or 
oocytes can be met with disapproval. A recipient couple 
must therefore be in agreement with one another about 
with whom (if anyone) they will share important infor- 
mation about their infertility diagnosis and subsequent 
use of donor gametes. Disclosure to others as well as 
to the child must ultimately be the couple’s personal 
decision, and this also will depend on their religious 
and cultural practices and environment. 


Disclosure versus nondisclosure 


The decision to disclose information about donor con- 
ception is exceedingly complex. It involves not only 
the aforementioned religious and cultural factors, but 
also legal, ethical, and psychosocial issues. There are 
arguments both for and against disclosure, and each 
couple must ultimately be allowed to decide which 
choice is best for them and their child(ren) within the 
context of these issues. Consistent with the ASRM 
Ethics Committee report, it is noted that many infer- 
tility counselors are increasingly supportive of dis- 
closure [25]. Clinical observations have suggested that 
donor oocyte recipients appear to be choosing more 
readily to disclose information to their offspring about 
how they were conceived [32]. Because women gener- 
ally have been more forthcoming with friends and fam- 
ily about their infertility condition, they appear to be 
more likely to discuss the donor option before under- 
taking the procedure. Because they have been open 
with others, they also appreciate the need to be open 
with their child. 

A recent study of disclosure decisions among 
pregnant donor oocyte recipients found that dis- 
closing women voiced the right of the child to know, 
and perceived social and cultural factors as condu- 
cive to disclosure [33]. Nondisclosing and undecided 
women emphasized a need to protect normal 
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family relationships, perceived a social stigma, and 
were unable to identify a benefit to disclosing. Schover 
et al. also indicated in an earlier study that recipient 
couples expressed concern that a child who knows 
about the donor insemination would feel incomplete 
and frustrated because they would want to find their 
genetic parent [34]. Another common concern was 
the idea that family and society would disapprove of 
DI, and that this would impact negatively on the iden- 
tified child. 

Most research studies indicate that most couples 
who use sperm donation do not plan to tell the child 
about his or her conception [35,36]. With the excep- 
tion of lesbian couples and single women, this also 
appears to be the case for many couples who use a 
known donor, including family members. Greenfeld 
and Klock supported this finding when they discov- 
ered that there were no differences among known or 
anonymous oocyte donation recipients as to whether 
or not they would disclose to their child [37]. 

It appears, however, that the willingness of 
gamete donors themselves to be identified can also 
impact recipients’ disclosure decisions. Scheib et al. 
followed up with couples using “open identity” sperm 
donors and found that they were relatively open and 
positive about their use of DI [38]. The authors also 
found that disclosure did not have a negative impact 
on the families. There has been controversy in a num- 
ber of Scandinavian countries regarding anonym- 
ous sperm donation. Sweden and Norway have now 
abolished sperm donor anonymity. Denmark, how- 
ever, has argued against this policy, stating that donors 
themselves are in favor of anonymity and that, more 
importantly, the abolishment of donor anonym- 
ity conveys a clear message that nondisclosure by DI 
parents is unacceptable [39]. Jorgensen and Hartling 
posit that a substantive alternative to a policy of non- 
anonymous donors might be to inform recipient 
parents about avoiding nondisclosure, and to design 
educational materials for children that would support 
parents [40]. 

The decision to disclose the means of concep- 
tion to donor offspring is also influenced by par- 
ents’ uncertainties about when and how to disclose. 
Rumball and Adair found that couples chose to tell 
when “it just seemed right,” or when they believed that 
children could understand the information [41]. In 
their study, there appeared to be an advantage in tell- 
ing the story to children at a young age when the infor- 
mation was processed in a factual, nonemotional way. 


A study by Kirkman also concluded that parents who 
plan to tell should be encouraged to disclose to their 
offspring before adolescence [42]. 

Increasingly, more researchers are focusing their 
attention on the issue of how gamete donor recipient 
couples, who wish to do so, can best disclose the use 
of a third party in the conception of their children 
[43,44]. 


Recommendations to the medical team 
As Mahlstedt has pointed out, the needs and rights of 
all those participating in gamete and embryo donation 
can be respected and accommodated around the issues 
of disclosure and nondisclosure [3]. The medical team 
can protect both the recipients’ and donors’ confiden- 
tiality while, at the same time, maintaining neutrality 
regarding recipients’ thoughts, feelings, and decisions 
about disclosure. The recipient couple can therefore be 
free to reveal the means of conception to whomever 
they wish, and they can be prepared, with the assist- 
ance and support of health and mental health profes- 
sionals, if needed, to share this information with their 
children. Neutrality and the provision of information 
and support on the part of physicians and medical 
staff will ultimately create an open environment for 
managing the complex issues involving gamete or 
embryo donation. De Jonge and Barratt have stated 
it well: 
The key global issue surrounding gamete donation is 
not the well-rehearsed known vs. anonymous dona- 
tion argument but rather one of providing patients with 
a flexible dual-track system (i.e., ability to know or not 
to know donor identity), complete with psychosocial 
support and education that enable them to make well- 
informed choices that benefit all stakeholders present 
and future [45]. 


Conclusion 


Infertility is a life crisis: it can impact self-esteem, 
relationships with others, financial security, and 
social status within a community. Whatever the infer- 
tile individual or couple's specific circumstances may be, 
itis critical that physicians and other healthcare workers 
have a thorough understanding of the powerful impact 
of the infertility experience. As couples spend months 
and years trying to achieve parenthood, many also 
find themselves lacking sufficient coping skills for 
managing their stress and emotional pain. 

For both men and women, involuntary childless- 
ness often reflectsa number of real and potential fears 
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and losses that may result in depression, anxiety, 
guilt, and isolation. The assisted reproductive tech- 
nologies continue to carry great promise for infertile 
people. Because the need to conceive and bear a child 
is so compelling, it is not surprising that most couples 
will go to any length to fulfill their desires and dreams 
of parenthood. Medical breakthroughs and possibil- 
ities have revolutionized treatment options, and pro- 
vide not only great hope but also great potential for 
disappointment and despair. 

Treatment options and opportunities seem lim- 
itless; however, it is also increasingly difficult, but 
necessary, for patients to feel emotionally and psy- 
chologically prepared to handle both the successes 
and failures of treatment. It can also be increasingly 
difficult for couples to know when and how to end 
treatment, should it become necessary. 

As the medical technology develops, it seems 
especially important to consider the ethical and psy- 
chological aspects of assisted reproduction and under- 
stand its impact on people and society. It can also be 
important and especially helpful to all participants to 
reframe and redefine success as we gain an understand- 
ing of the psychological aspects of infertility. Success 
can mean much more than merely giving birth to a 
genetically related child. 

Infertile individuals and couples need the assist- 
ance of both health and mental health professionals 
as they move forward into the newest reproductive 
technologies. The integration of medical and psycho- 
logical aspects of infertility underscores the effort to 
meet the needs of the whole person. It also enables 
everyone involved to consider seriously the impact of 
these technologies and treatments on the children who 
are created. Identifying and understanding the psycho- 
logical implications of human infertility - both male 
and female — provide the impetus to prevent difficulties 
before they exact an emotional toll on patients and off- 
spring, as well as on the medical team. 
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Introduction 


Treatment of male infertility predates the advent 
of in-vitro fertilization (IVF) and other assisted 
reproductive technology (ART) procedures by dec- 
ades. Combining older techniques, such as artificial 
insemination and sperm cryopreservation, with newer 
technologies and applying them to evolving family 
constellations have both extended treatment options 
to more individuals and significantly complicated and 
expanded the attendantlegal issues. The availability and 
use of cryopreserved sperm, artificial insemination, 
including donor insemination, and IVF have spawned 
litigation involving parenthood status between and 
amongst married (and divorcing) heterosexual cou- 
ples, same-sex couples, and a child’s biological father; 
inheritance rights for children born from donated 
sperm; competing claims to gametes and embryos; 
and provider liability involving sperm banks, medical 
programs, and insurance carriers as to the patients and 
families whose fertility they attempt to preserve. 

This chapter is intended to identify and discuss 
these issues and the efforts that legislatures, courts, 
professional guidelines, programs, and patients have 
made to resolve them, in the hope of giving profession- 
als some guidance in these evolving areas. This chapter 
examines (1) fertility preservation from the perspec- 
tives of the various male patients and donors; (2) 
posthumous reproduction and extraction, includ- 
ing usage of cryopreserved sperm and embryos; (3) 
the potential responsibilities and liability of pro- 
viders in the context of preserving their patients’ 
fertility and parentage status; (4) model legislation 
addressing these issues within the United States; and 
(5) a brief look into the future in terms of identifying 
prospective medical advances that will likely impact 
and potentially alter these currently identified legal 
issues. 


Legal issues in fertility 
preservation in the male 


Adult males and informed 
consent issues 


Preserving male fertility through sperm collection 
and freezing is the most commonly recognized, and 
likely most frequently performed, of all fertility pres- 
ervation measures. Legal issues raised by this prac- 
tice center around informed consent for obtaining 
and using collected semen - most critically, the 
future circumstances under which the sperm may 
be used and the legal status of any child or children 
resulting from such use. Informed consent issues may 
also arise over posthumous extraction, as discussed in 
a subsequent section. It is assumed that the reader is 
acquainted with the standard elements of informed 
consent: disclosure, comprehension, voluntariness, 
competence, and consent [1]. Asin other medical con- 
texts, professionals should be well aware of the need 
to ensure that their patients are fully informed of and 
understand the risks, benefits, and alternatives to any 
potential treatment(s) that will impact or protect their 
current or future fertility; and that the patients are 
fully competent to choose to consent, or refuse to con- 
sent, to certain forms of preservation or usage of their 
genetic material. Legal liability may also arise over the 
handling of frozen sperm samples, including misla- 
beling, misuse, or failure to safely maintain samples 
in a usable, frozen state. Finally, legal issues may be 
raised if physicians or other medical professionals do 
not discuss collection and banking as an option prior 
to offering or administering medical treatment, such 
as chemotherapy or radiation, which may impair their 
patients’ fertility. While many of these legal principles 
apply within any country or legal jurisdiction, read- 
ers should be mindful that specific laws can vary both 
amongst countries and in states within a country. A 
number of the court cases and legal precedents cited 
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within this chapter refer to conflicts that arose within 
the United States. 

Frozen sperm has an indefinite “shelf-life” and 
published reports indicate children have been born 
from sperm frozen for well over a decade. Legal issues 
surrounding frozen sperm usage therefore involve 
multiple future scenarios, and require carefully drawn 
informed consent documents. 

Asan initial matter, medical professionals will want 
to recognize those medical conditions and treatments 
that may impair fertility, and to inform their patients 
accordingly. Failure to explain both the risks of com- 
promised fertility and the available measures to pre- 
serve fertility prior to treatment might give rise to a 
legal claim for negligence or malpractice, depend- 
ing on the facts and circumstances. The authors are 
unaware of any reported cases of this nature to date. A 
published report from a 2002 study found that of 201 
male cancer patients between the ages of 14 and 40 diag- 
nosed with cancer within the previous two years, 60% 
were warned about infertility and 51% were offered an 
opportunity to bank their sperm [2]. A more recent 
study confirmed that 30-40% of male cancer patients 
report that their physicians fail to raise the issue of fer- 
tility or sperm preservation [3]. One consumer organ- 
ization reports that although 91% of oncologists agree 
sperm banking should be offered to all male patients 
at risk of infertility from cancer treatments, only 10% 
do so; only 57% of patients recall receiving such infor- 
mation from a healthcare provider, and 40-50% do not 
recall any discussion of infertility before their cancer 
treatment [4]. 

Appropriate informed consent documents will 
obviously need to address adult male patients’ future 
volitional use of their sperm. Less commonly included, 
but highly recommended, is language that explicitly 
addresses (1) any approved use following a patient’s 
incapacity or death, as well as (2) a patient’s intended 
relationship to any resulting child. Professionals 
should be aware of both of these significant, potential 
legal issues in order to counsel their patients, provide 
supplemental documentation, and obtain appropri- 
ate informed consent. 

Adult male patients will want to consider the pos- 
sibility that their present or future partner, or even 
another family member, may wish to have a child with 
their sperm at a point in time when they are incapable 
of giving contemporaneous informed consent to the 
use of the sperm due to incapacity or death. Ifa specific 
medical condition has been diagnosed, such as cancer 


or amyotrophic lateral sclerosis (ALS), informed con- 
sents may be tailored to explicitly identify such condi- 
tion and the adult male’s consent for specific, delineated 
future usages. The more specific and comprehensive 
the consent document, the more likely conflicts will 
be avoided and partners, physicians, sperm banks, or 
courts can avoid the need to interpret ambiguous or 
contested intentions. Within the United States, these 
issues are discussed in professional guidelines [3,5]. 

In the alternative, addenda to standard informed 
consent documents can provide needed specificity and 
should be considered. Either language can be drafted 
on behalf of the medical provider, or patients can be 
referred to knowledgeable legal counsel to draft pro- 
posed language (which the program or its own legal 
counsel can then review and modify as needed). Care 
should be taken to include language stating that any 
explicit addendum is intended to supplement and, as 
necessary, override a more general consent form. In 
many cases, the situation may be sufficiently unique 
that the medical program may not have, nor should 
it be expected to produce, a consent form tailored to 
the individual patient’s condition. However, failure 
to recognize and advise of the need for such a docu- 
mented consent may not only deprive the patient of 
his reproductive choices but expose the provider to 
potential litigation involvement, if not actual liabil- 
ity. It is thus advisable, at a minimum, to refer any such 
patient and/or his family for a legal consultation. These 
authors have drafted specific additional consents for 
posthumous sperm usage following multiple unusual 
scenarios, including: pre-chemotherapy storage; crea- 
tion and future dispositions of embryos created with 
an about-to-be-infertile, unmarried partner; and a 
patient facing an ALS progression. At the other end of 
the spectrum, the authors have also advised surviving 
family membersas to limitations on their access to, and 
use of, their deceased son’s and spouse’s sperm in the 
absence of such documentation. The latter scenarios 
are to be avoided if at all possible. 


Male patients and cryopreserved gametes 
and embryos during lifetime 


Because male patients can bank their own sperm, they 
are likely to have fewer legal issues surrounding cryo- 
preserved material than female patients, who must 
either create and freeze embryos, and thereby compro- 
mise their autonomy, or freeze their eggs under proto- 
cols that are still widely considered experimental. 
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Nonetheless, the reader will want to be aware that 
cases involving divorce disputes over control and dis- 
position of frozen embryos suggest an important judi- 
cial trend toward supporting the contributor who does 
not wish to procreate. Within the United States, all of 
these cases have raised the issue of aging and/or declin- 
ing fertility for the female partner. Only outside the 
United States have a few recently reported cases involved 
patients with diseases or disease treatments that resulted 
in an inability to create additional gametes. 

In the United Kingdom, Natalie Evans was denied 
access to frozen embryos she created with her ex-fiancé 
in anticipation of cancer treatments, which later ren- 
dered her infertile. When their relationship ended and 
he withdrew his consent, Evans argued that her former 
fiancé should not be allowed to withdraw his earlier 
consent to creation, storage, and implantation of the 
embryos. Inrulingagainsther, the British and European 
courts cited with approval the Human Fertilisation and 
Embryology Act (HFEA), which requires consent from 
both partners at every stage of the IVF process, includ- 
ing implantation [6]. In 2007, after years of legal efforts, 
Evans lost her final appeal before the Grand Chamber 
of the European Court of Human Rights. The Grand 
Chamber rejected Evans’ arguments that there were 
either discrimination or human rights violations under 
the European Convention of Human Rights, ruling that 
no violations of law had occurred. The Grand Chamber 
noted that the rules were clear, and fairly balanced her 
and her former fiancé’s rights. No further avenues of 
appeal are available [7]. 

Within the United States, acouple’s prior recorded 
agreement to dispose of the embryos in a way that 
does not implicate child-bearing has typically been 
enforced [8], while prior choicesto allowonespouseto 
use the embryos for procreation over a current objec- 
tion by the other have been rejected with increasing 
predictability. Thus, in cases in Massachusetts, New 
Jersey, and Washington [9], courts have been unwilling 
to enforce a prior agreement to allow (1) a wife to use 
embryos following the couple’s “separation” [10]; (2) a 
husband to donate the embryos to another couple [11]; 
and (3) a wife to use embryos created with donor eggs 
to be implanted in the same gestational carrier who had 
carried the couple's first child [12]. 

Typically, courts are extremely reluctant to inter- 
fere with procreative or non-procreative decisions and 
the constitutional rights underlying them. Thus, this 
trend rests on the stated principle that ordering such 
usage amounts to “forced procreation,” which, in the 


words of one court, “is not amenable to judicial enforce- 
ment” [13]. Forced sterilization, contraception restric- 
tions, and abortion laws have all been struck down as 
violative of individual constitutional rights [14]. An 
additional consideration is that under most states’ laws, 
public policy considerations preclude a parent from 
waiving parental status and obligations suchas child sup- 
port. Thus, any agreement between spouses enabling 
one to use frozen embryos and the other to be relieved 
of parental rights and obligations is likely unenforce- 
able as against public policy in most jurisdictions. 

With significant state law variation, there remain 
many unsettled issues regarding establishing parent- 
hood by intention. With regard to frozen embryos, 
regardless of whether embryos were created with 
donor gametes or not, the current trend is to require 
both partners to re-consent before either can use 
embryos they created at an earlier time for procrea- 
tion, regardless of any prior agreement. 

Donor gametes have also been involved with legal 
claims regarding embryo donation, discard, or custody of 
resulting children. Recent litigation involving donor eggs 
may shed some light onhow courts approach such claims, 
regardless of whether the donated gametes in question 
are eggs or sperm. In at least two cases, intended genetic 
fathers have attempted to rely on the use of donor eggs as 
afactor in “tipping the scales” toward themselves in deter- 
mining custody of children created with their former 
spouse who could not contribute genetic material. Ineach 
of those cases, the courts rejected the fathers’ arguments 
[15]. In cases involving sperm donation, similar attempts 
and results occurred [16]. In a 2003 California case, the 
husband but not the wife involved in an embryo mix-up 
case involving a donor egg was granted legal parenthood 
of a child born to a single woman. His wife was found 
to have no standing whatsoever to the resulting child, 
despite the fact that the child was the genetic sibling of the 
couple’ child and they had intended to use their remain- 
ing embryos for another child [17]. While these cases 
suggest there may be additional uncertainty and vulner- 
ability for women who attempt to preserve their ability to 
parent, if not their fertility, through donor egg and frozen 
embryos, the applicability to males remains somewhat 
more attenuated. 


Fertility preservation through donor 
insemination 


Use of donor (sperm) insemination to create a family 
raises additional legal issues for infertile men, their 
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spouses or partners, and the sperm donors involved. 
With sperm donation, an intended father’s interest is 
both in preserving his legal parentage status despite not 
having a biological link to the resulting child, and in 
ensuring that the donor’s health history and medical 
information are provided and do not raise health con- 
cerns for any resulting child. 


Paternity issues with donor insemination 
Within the United States, every state has adopted into 
law some version of a parentage act, which generally 
provides for establishing paternity through voluntary 
acknowledgment or through adjudication, and stand- 
ards and rules for genetic testing. But with sperm dona- 
tion long predating many of the developments in ART 
and IVE, and newstatutes being crafted, approximately 
42 states currently have laws that address sperm dona- 
tion [18]. Most (approximately 28) apply to married 
couples, affirming the legal status of the infertile hus- 
band as the father of the child. A minority of the states 
(at least seven) - Delaware, Texas, Washington, North 
Dakota, Utah, Oklahoma, and Wyoming, with Nevada, 
Maine and Illinois recently introducing the 2002 
version of the Uniform Parentage Act in their legisla- 
tures - are more inclusive, protecting unmarried and 
married men whose partners use donor insemination 
with their consent and who intend to father the result- 
ing child. With multiple statutory variations from state 
to state, and state legislatures updating their ART stat- 
utes, it is impossible to generalize as to the currently 
applicable, specific requirements for any given state 
law. Some laws require written consent of the intended 
father; some require physician involvement; some 
require documentation of any consent by the intended 
father and/or physician. Following such requirements 
or practices can significantly reduce any ambiguity as 
to either proper consents or the resulting legal status of 
the child. Careful medical practice would be to doc- 
ument all consents, regardless of whether such is a 
legal requirement in any given jurisdiction. 

Male patients and their spouses or partners will 
want to be careful to follow any prescribed steps to 
ensure their intended child is deemed their legal child. 
With married couples, and long-standing legal prin- 
ciples that a man is considered the father of any child 
born to his wife, there should be little reason for con- 
cern that a married man whose wife uses donor sperm 
with his consent will be legally recognized as the father 
of any resulting child. Less certain parentage outcomes 
may arise for children born to unmarried heterosexual 


couples, to married men claiming lack of knowledge of 
or consent to any such inseminations, to gay male cou- 
ples, or from sperm ofa single man providing sperm to 
a female friend or acquaintance. In an example of how 
variable legal treatment of these arrangements can be, a 
court in Pennsylvania found a man to be the father of a 
child his former girlfriend conceived using his banked 
sperm, despite an agreement that the man would have 
no paternal obligations. The woman did not publicly 
acknowledge the donor father, but held out the child as 
the child of her ex-husband. The court called the wom- 
an’s deception “despicable” but found her regrettable 
conduct to be outweighed by the child’s right to a father 
[19]. A Washington court found that the unconsented 
use of a man’s sperm also supported assigning him 
paternity obligations to the resulting child [20]. Many 
of these issues are outside the scope of this chapter, but 
they are noted here to highlight some of the unique 
and, in many respects, unsettled legal parentage issues 
involved in collaborative or third-party family-build- 
ing efforts. 

For all nontraditional couples whose family- 
building efforts do not fit neatly within a state’s exist- 
ing statutory laws, it will be imperative that they take 
additional steps to understand and, to the extent 
possible, legally protect their intended parentage. 
Independent legal consultations with knowledge- 
able attorneys in the field are strongly recommended. 
For both unmarried heterosexual or same-sex couples, 
a nonbiological intended parent might have no legal 
status regarding the resulting child absent an adoption 
proceeding or other legal steps that may be possible in 
a given jurisdiction. 

For inseminations involving single women, deter- 
mining whether from a legal perspective a known 
male who provides his sperm is a donor or an intended 
father may prove difficult. As noted above, different 
state courts have reached different outcomes interpret- 
ing their respective artificial insemination statutes and 
judicial precedent. A recent landmark decision from 
the Kansas Supreme Court upheld the constitutionality 
of its donor insemination statute [21]. That law requires 
a written agreement in order for a man who provides 
sperm to a woman to be deemed the legal father of any 
resulting child. Absent such an agreement, any man - 
known or unknown -is deemed a sperm donor with no 
parental rights or obligations. The statute was unsuc- 
cessfully challenged by a man who claimed that he had 
expected to be the legal father of any child born from his 
sperm to an unmarried acquaintance, and that to rule 
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otherwise would unconstitutionally deprive him of his 
right to fatherhood. The court instead upheld the stat- 
ute, finding the man had the responsibility of knowing 
and following the law. Many law professors and other 
legal observers had submitted “amicus” (friend-of-the- 
court) legal briefs to offer competing views to the court, 
and the case was watched with keen interest, given the 
significance of the ruling. 


Donor screening and record keeping 


Donor screening is required under a variety of state 
and federal laws, as well as professional guidelines. 
At a minimum, current practice dictates obtaining a 
donor’s own and family medical history, FDA-required 
screening tests [22], and freezing and quarantining 
sperm samples for a minimum of six months prior to 
use. Guidelines for donor sperm currently come from 
individual states’ laws, FDA and Centers for Disease 
Control and Prevention (CDC) regulations, and pro- 
fessional guidelines promulgated by the American 
Association of Tissue Banks and the American Society 
for Reproductive Medicine (ASRM). Guidelines rec- 
ommend different types of testing, including initial 
donor screening, disease testing, and quality testing. 
Initial donor screening involves age selection (usually 
between 18 and 40), a physical examination, and per- 
sonal interviews with the donor to evaluate his fam- 
ily history and psychological state [23]. Screening for 
diseases ensures that the donor does not carry harmful 
diseases such as HIV, hepatitis, or syphilis. Genetic tests 
are increasingly being performed as well [24]. Lastly, 
a donor’s sperm is tested to confirm sufficient sperm 
count and sperm motility [25]. A medical profession- 
als failure to follow these rules will be a potential 
basis for liability. Thus, for example, although quite 
common in the past, few physicians today would agree 
to use fresh semen for an artificial donor insemination 
procedure, even if patients offer to waive any future 
claims. ASRM recommends that only sexually intimate 
couples use fresh semen, because of the risk of trans- 
mission of HIV and other infectious organisms from 
fresh semen as opposed to frozen and quarantined 
semen [26]. 

With respect to record keeping, a number of 
state laws as well as ASRM guidelines require donor 
records to be kept for varying lengths of time. 
Current ASRM guidelines require maintenance of 
“permanent records about each donor’s initial selec- 
tion process and subsequent follow-up evaluations,” 
as well as requiring that a “mechanism must exist to 


maintain these records as a future medical resource 
for any offspring produced” [27]. Although not legally 
mandated, there is continuing interest in, and efforts 
to create, donor gamete registries amongst many pro- 
fessional groups, and private registries have begun to 
spring up as well. 


Minor male patients 


Minors as patients raise unique informed consent 
issues in any medical context. Elements of informed 
consent include not only providing patients with ade- 
quate information as to the risks, benefits, and alter- 
natives to any proposed treatment, but also the ability 
of the particular patient to comprehend and make 
informed choices. Depending on the age and mental 
capacity of a minor, he may or may not be able to give 
informed consent. A “mature minor” is capable of giv- 
ing consent on his own behalf; a younger child is not. 
When incapable of giving informed consent for them- 
selves, child patients - like other patients considered 
incompetent - may have adults do so on their behalf 
under a legal concept of “substituted judgment,” inter- 
pretations of which vary from state to state. In theory, 
such judgment is intended to mean that the designated 
adult makes the decision he or she feels the patient, if 
competent, would make for himself. When that stand- 
ard is impossible to meet, as is typically the case with a 
very young child, the adult is charged with making the 
decision he or she feels is in the minor patient’s “best 
interest.” Under no circumstances should a substitute 
decision maker be deciding what he or she wants inde- 
pendently of the minor child and his interests. 
Preserving a child's fertility can be both a particu- 
larly sensitive issue and one not always recognized by 
providers or guardians when a child is facing a serious 
illness. Reports of scientific advances in the field of fer- 
tility preservation for children treated for cancer sug- 
gest that while the majority can expect to be cured and 
remain fertile, a significant minority remain at risk for 
subfertility. One reported estimate is that childhood 
cancer survivors will represent 1 in 250 adults aged 
15-44 by the year 2010 [28]. Another study reports that 
15% of child cancer survivors will have compromised 
reproductive function after their treatment [29]. Given 
increasing survival rates for many childhood can- 
cers and other serious illnesses whose treatment may 
affect future fertility, providers should be cognizant 
of, and inform their patients of, available options for 
fertility preservation, as well as the degree to which 
such options are experimental or of proven efficacy. 
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Treatment options range from sperm retrieval to 
invasive procedures in order to harvest gonadal tis- 
sue [30]. The latter procedures have been described as 
experimental, with some medical professionals calling 
for “appropriate regulation and ethical scrutiny in order 
to prevent the exploitation of vulnerable individuals 
by commercially driven technology” [31]. Providers 
will want to proceed cautiously in terms of providing 
sufficient information as to available treatments and 
appropriate cautions as to the level of experimentation 
of some of those treatments, particularly in light of the 
increased vulnerability of child patients. Substituted 
judgment issues may arise, and jurisdictions (states) 
vary on the legal requirements for a parent to give 
consent on behalf of a minor child. The core princi- 
ple, however, should remain that the judgment being 
substituted for the child’s is intended to be that which 
he, if mature and able to reach his own judgment, 
would make on his own - not another’s - behalf. 

Asa matter of cautious medical practice, providers 
will need to ascertain whether any requested or offered 
sperm preservation is in their patients’ best interests or 
is being requested by a family member for other future 
potential uses. To the extent that fertility preservation 
is offered for patients whose life expectancy is antici- 
pated or hoped to extend sufficiently into adulthood 
to use any cryopreserved sperm, good medical prac- 
tice will require offering that option to the patients 
or their representatives. If, however, a minor patient's 
condition is terminal, any request by parents or other 
family members to preserve the patient’s sperm may 
raise serious questions as to the appropriateness of 
honoring such a request, and professionals will want 
to ensure that they can obtain informed consent from 
and on behalf of the minor patient. Anecdotal evi- 
dence of cases where grieving parents have sought to 
preserve sperm of adolescent or preadolescent sons 
suggests that this is an area invoking extreme sensitiv- 
ity and caution. 


Posthumous reproduction 
and extraction 


Posthumous reproduction raises additional legal 
complexities, including determination of the legal 
status of any resulting child under applicable law, 
which varies from jurisdiction to jurisdiction, within 
the United States as well as internationally. In recent 
years, a number of US courts have been presented with 
issues involving children whose biological fathers 


died before their conception through either artificial 
insemination or in-vitro fertilization. Most of these 
cases have arisen in the context ofa child’s qualification 
for governmental (Social Security) survivor benefits, 
which, although a federal entitlement, rests on state 
law definitions of who is a legal heir, and thus requires 
courts to interpret and apply state laws to determine 
whether the child is the legal child of the deceased for 
purposes of intestate (without a will) inheritance [32]. 
Most such state laws were drafted prior to, and thus 
without any thought of, the possibilities of posthu- 
mous reproduction. 

Over the past decade, there have been at least eight 
reported cases within the United States involving post- 
humous parenting, and others reported internation- 
ally. Anecdotally, there appear to be many more. Two 
of the reported cases in the United States and one in the 
United Kingdom have involved issues of whether or not 
to release sperm of a deceased man to attempt a preg- 
nancy. Five of the reported decisions by United States 
state courts or administrative bodies have decided 
cases involving posthumous parenting in the context 
of survivor benefits for born children. 

The two known United States cases involving 
whether to release sperm of a deceased man to his 
former fiancée or girlfriend for her to attempt a preg- 
nancy reached opposite conclusions. A California 
court, in an unpublished decision, awarded some 
banked sperm to a deceased’s fiancée, ruling that his 
written intention was clear and that posthumous con- 
ception was not against the public policy of that state 
[33]. In the second case, a Louisiana court affirmed a 
preliminary injunction against the use of sperm where 
evidence was conflicting as to the decedent's intentions 
for posthumous use: his extended family - including 
his adult son, sister, and mother - all objected, he and 
his female partner had not been actively undergoing 
inseminations at the time of his death, and the writ- 
ten “Act of Donation” she attempted to rely upon was 
drawn up by her law partner rather than a disinterested 
professional [34]. 

In Britain, one widow successfully pursued a 
lengthy court battle to get access to her deceased hus- 
band’s stored sperm and to have him legally recognized 
as the father of the two children she conceived after his 
death [35]. Diane Blood’s efforts ultimately resulted 
in a London High Court judge ruling that the 1998 
European Convention on Human Rights overrides 
inconsistent language in Britain’s Human Fertilisation 
and Embryology Act 1990 and Deceased Fathers Act 


533 


534 


Chapter 31: Legal issues in fertility preservation 


2003, which stated that a man is not the father of a child 
created posthumously with his sperm. Subsequent 
efforts to amend the Act resulted in its repeal and pas- 
sage of the Human Fertilisation and Embryology Act 
2008, effective April 6, 2009 [36]. The new British law 
addresses posthumous parentage and requires specific 
consents be executed prior to death. Under the new law, 
if proper consents are in place prior to death, a husband 
or partner may be considered the legal father of a child 
born from his previously stored sperm or embryos. If 
donor sperm was used, only if embryos were created 
prior to the husband’s or partner’s death can any child 
be considered his offspring. For any posthumously 
conceived child using donor sperm, the deceased hus- 
band or partner cannot legally be considered a parent. 

Decisions in Louisiana, New Jersey, Arizona, 
Massachusetts, Florida, and New Hampshire have 
come down regarding the legal parentage of posthu- 
mously born children. In Massachusetts, New Jersey, 
Louisiana, and Arizona, the children were found to be 
the legal children of the deceased; in Florida and New 
Hampshire the court rejected parenthood. Each court’s 
decision was based on its interpretations of its own, 
controlling state law. 

Judith Hart, born in Louisiana in 1991, was con- 
ceived three months after her father died from cancer, 
using sperm he had banked for that purpose. Because 
Louisiana law recognizes parentage only if a child is 
born during or within several months of the father’s 
lifetime, the Social Security Administration initially 
denied social security benefits, but later reversed, 
acknowledging that the case “raises significant policy 
issues that were not contemplated when the ... Act was 
passed many years ago ... recent advancesin.... the field 
of reproductive medicine necessitate a careful review 
of current laws and regulations to ensure that they are 
equitable in awarding Social Security payments” [37]. 

Following the ground-breaking Hart case, a New 
Jersey court in In re Estate of William Kolacy essen- 
tially reversed a federal court’s refusal to recognize the 
paternity of twins born 18 months after their biological 
father’s death and conceived via in-vitro fertilization 
[38]. The court ruled that “once a child has come into 
existence ... a fundamental policy of the law should 
be to enhance and enlarge the rights of each human 
being to the maximum extent possible, consistent with 
the duty not to intrude unfairly upon the interests of 
other persons.” The court emphasized that while this 
new technology could be applied in positive ways, it 
also creates ethical, legal, and social policy problems. 


Thus, prospective parents should consider carefully 
the consequences of using posthumous conception 
technology, and “the law should certainly be cautious 
about encouraging parents to move precipitously in 
this area” [39]. 

The Massachusetts Supreme Judicial Court became 
the first highest appellate state court to rule on this 
issue in Woodward v. Commissioner of Social Security 
[32]. In that case, the court found paternity for twins 
conceived by the decedent’s widow after his death, 
identifying three critical proof requirements for inher- 
itance eligibility: (1) that the children are in fact the 
genetic children of the deceased; (2) that he affirma- 
tively consented to posthumous reproduction; and 
(3) that he affirmatively consented to support any 
resulting children. The court required such “double 
consent” because the mere act of storing sperm to pre- 
serve fertility during life does not necessarily indicate 
an intention to father children after death. Further, the 
court advised that parties seeking inheritance rights 
must establish paternity and consent in court, and 
must formally notify “every other interested party,” 
including other potential heirs. As the first high state 
court decision on this issue, the court’s opinion may 
provide guidance to ART programs for creating appro- 
priate consent forms concerning permissible posthu- 
mous uses of gametes and embryos. 

Arizona law awarded benefits to twins born 10 
months after their biological father’s death in the case 
of Gillett-Netting v. Commissioner of Social Security 
[40]. In that case, a cancer patient’s widow conceived 
after her husband's death by using his banked sperm, 
and relying on his prior consent. The Social Security 
Administration had denied inheritance rights because 
the twins were not alive or in gestation during the 
father’s lifetime, as required under Arizona's intestate 
succession law. The Ninth Circuit reversed, finding that 
the twins were the decedent's legitimate children, since 
it had been conceded that they were the decedent's bio- 
logical children. As legitimate children, the twins were 
“entitled to support and education as if born in lawful 
wedlock” under Arizona law, thus constructively ful- 
filling the additional legal inheritance requirement of 
dependency on an insured wage earner. Consequently, 
the twins were deemed to be dependent and entitled to 
benefits based on the decedent’s earnings. 

In contrast, in Stephen v. Commissioner of Social 
Security, a Florida federal district court held that a child 
conceived from the sperm of an insured individual 
who died before the transfer of sperm to his widow’s 
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body was not entitled to child’s survivor benefits [41]. 
Under Florida law, a child conceived from the sperm 
of a person who died before the transfer of his sperm 
to a woman's body is not eligible for a claim against 
the decedent’s estate unless the decedent provided 
for the child in his will. Here, there was no evidence 
that the decedent had left a will, and thus the child was 
found to have no standing to pursue the claim. 

Most recently, two state courts within the United 
States have rejected a deceased man’s legal parentage of 
achild conceived after this death. The Supreme Court of 
New Hampshire weighed in on this issue in Khabbaz v. 
Commissioner, Social Security Administration, hold- 
ing that a child conceived after her father’s death via 
artificial insemination was not eligible to inherit from 
her father as his surviving issue under New Hampshire 
intestacy law [42]. Rejecting a series ofarguments made 
on behalf of the child based on various New Hampshire 
statutes, the court concluded that the question was gov- 
erned solely by the intestacy statute, and interpreted the 
statute’s term “surviving issue” to preclude any child 
not born prior to the decedent’s death. Although, like 
the decedent in Woodward, the decedent had affirma- 
tively consented both to posthumous reproduction and 
to support any resulting children, the court declined to 
read the statute more broadly or follow the ruling or 
rationale of Woodward. It did, however, emphasize the 
need for clarifying legislation to address the important 
public policy considerations at stake. Similarly, the 
Arkansas Supreme Court rejected a posthumous par- 
entage claim involving a child born from a posthumous 
frozen embryo transfer created from the deceased hus- 
band’s sperm [43]. That court refused to either apply 
its artificial insemination statute (which recognized 
posthumous parentage) to IVF or to read its 1969 stat- 
ute more liberally given the advance in reproductive 
medicine. The court also rejected a novel claim by the 
widow that the child was “conceived” when the frozen 
embryo was created, an argument that could have had 
far-reaching implications for reproductive law and 
medicine far beyond the issues in dispute. 

The war in Iraq has raised additional legal issues 
related to posthumous reproduction. With sperm bank- 
ing increasingly common prior to deployment, several 
children are reported to have been conceived using 
the sperm of dead military personnel. Posthumous 
sperm retrieval, where sought, may also be compli- 
cated due to the protocols involved in releasing a body 
for the necessary procedures. All of the issues involv- 
ing posthumous parentage may be compounded, since 


military families are typically more mobile so that the 
state of residence may be more fluid, qualification for 
military benefits may be defined differently than other 
entitlements, and documents provided by the military 
in terms of consents at banking may be interpreted dif- 
ferently in different jurisdictions [44]. 

Posthumous parenthood raises both issues of 
law and concerns about intentionality. While laws 
clearly vary from jurisdiction to jurisdiction, courts are 
also being forced to interpret and extend existing laws. 
Thus, patients and providers will want to be aware of, 
and act consistently with, applicable law in their juris- 
diction. It is also advisable to put in writing, as clearly 
as possible, the intentions of the adult male who is 
preserving his sperm. It is highly advisable to use con- 
sent forms with the sperm bank and physician, and 
between donors and recipients, to identify explicitly 
who may use the sperm, and to limit the purposes, 
time frame, and circumstances for use. Such anticipa- 
tory steps may avoid the need to seek court orders by 
surviving widows, fiancées, and parents, all of which 
have been pursued with varying outcomes. 

Posthumous extraction of sperm from deceased 
patients will also raise significant issues of informed 
consent to both the procedure and future use. 
Programs presented with such unusual circum- 
stances may wish to seek immediate legal or judicial 
advice, as without specific informed consent prior to 
death it is difficult to imagine that there is adequate 
authorization to use the genetic material. Anecdotal 
evidence of such extraction and use has been docu- 
mented; one court reportedly “froze the status quo” by 
ordering the sperm collected but not used without fur- 
ther investigation and inquiry [45]. 

The question of whether an adult male intended to 
father a child after his death has troubled courts and 
ethicists alike. Even with clearly stated intentions, legal 
recognition of paternity will depend on both applicable 
laws and evolving public policy in the relevant country 
and jurisdiction. 


Provider liability issues 

Providers of medical and insurance services may be 
found liable for breaches of duties owed to recipients 
of their services. As discussed above, provider liabil- 
ity may arise from possible breaches of the informed 
consent doctrine. Not disclosing or not offering an 
available treatment that has the potential of improv- 
ing patients’ chances of preserving their fertility, or 
not disclosing the experimental or unproven nature of 
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some of such treatments or the legal uncertainty asso- 
ciated with such treatments, may each create liability. 
Although no known cases have arisen in this context 
to date, today’s experimental procedures, such as tes- 
ticular sperm extraction and testicular tissue freezing, 
will continue to be explored and developed [46], and 
providing patients with this information will likely be 
within the required duties of providers. Further, genet- 
ics research indicates that microdeletions in intervals 
5 and 6 on the Y chromosome may be associated with 
male infertility [47]. Thus, genetics tests may increas- 
ingly become available to diagnose and to effectively 
treat this condition, widening potential liability to a 
larger group of healthcare providers. If and when any 
such procedures become an accepted standard, fail- 
ure to inform patients of the procedures or to offer 
them may incur liability. 

In addition, providers may find themselves liable 
for other possible breaches of duty to their patients 
or to affected, surviving, or even potentially future 
family members. Each of those potential sources of 
liability is discussed briefly. 

First, failure to maintain cryopreserved gametes 
or embryos may be grounds for negligence and/or 
breach of contract claims. Power failures, mistaken 
transfers or destruction, and lost or misappropriated 
embryos or gametes all take on added significance 
and legal vulnerability if the patients who created and 
stored the genetic material can no longer recreate and 
replace it. Thus, although the standards for liability 
will be the same as in a suit brought by any patient, 
the measures of damages can be expected to be much 
greater for patients with compromised future fertility, 
or for representatives of deceased patients. One exam- 
ple involved a faulty freezer storage tank resulting in 
lost sperm samples of 28 cancer patients in England, 
who filed a lawsuit against the hospital where the 
samples were stored [48]. The hospital later admitted 
liability [49]. A 2000 case brought against the Medical 
College of Wisconsin for allegedly lost and damaged 
sperm of a cancer patient was dismissed for lack of 
evidence to support claims of negligence and breach 
of contract [50]. 

Liability may also arise in the context of donor 
sperm, although a number of such potential claims are 
outside the sphere of fertility preservation. Adherence 
to professional guidelines and any applicable laws 
will minimize liability. Providers may be vulner- 
able for alleged failures to screen properly or fail- 
ure to collect and/or maintain records which reflect 


a donor’s medical condition, genetic or otherwise. 
Inadequate initial screening or inadequate safeguards 
for collecting and sharing donor information collected 
from other families or sources are all potential sources 
of liability. Failure to screen out or disclose a donor or 
his family’s medical conditions can lead to litigation, 
with parents of an affected child claiming malpractice, 
negligence or their child’s “wrongful birth” “wrongful 
conception,” or other theory of injury. For example, at 
least two reported cases against a sperm bank and a 
medical program have arisen in the context of donor 
gametes and affected offspring [51]. Relying on dif- 
ferent theories of law under different controlling state 
laws, and rejecting some of the theories of law put forth 
by the parents, both courts nonetheless made clear 
that programs are responsible for accurately screen- 
ing sperm and disclosing information in such circum- 
stances. One court cited the professional guidelines 
promulgated by the 33. 

Liability may also arise in the context of surviving 
relatives attempting to access or block access to cryo- 
preserved gametes or embryos of deceased patients. 
The popular press reported in 2007 that a Manhattan 
court barred a New Jersey couple from using their 
sons semen for grandchildren. The judge ruled that a 
New York sperm bank must destroy the samples from 
their son, who died in 1998, because the son had sig- 
nified that he wanted the samples destroyed in the 
event of his death [52]. Comprehensive informed con- 
sent documents that specifically address future uses or 
restrictions are recommended in an effort to minimize, 
if not eliminate, such litigation. Alternatively, provid- 
ers would do well to have language in their consents 
that permits them to do nothing and await a court 
order in the event of any dispute over release of genetic 
material. 

Medical professionals should not be expected to 
know or convey the status of the law in what are widely 
acknowledged to be unsettled and nonuniform areas of 
the law. Consent forms should be drafted carefully not 
to overstate, or indeed in many cases to state at all, the 
applicable law. Just as lawyers do not perform surgery, 
medical professionals will not want to advise patients as 
to the legal status of their fertility preservation or future 
family-building efforts. Consent documents that 
acknowledge the “unsettled state of the law,” where 
applicable, and that recommend seeking independ- 
ent, experienced legal counsel, are both appropri- 
ate and protective of medical providers and patients 
alike. Addenda or supplemental consent forms should 
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be considered in many circumstances. If programs do 
not have such documents, or the resources to develop 
them easily (more likely if there are rare circumstances 
applicable to an individual patient only), they may 
want to consider referring their patients to independ- 
ent counsel to draft a proposed addendum or supple- 
mental consent, which the program and its counsel can 
then review and modify if advisable. 

With respect to medical liability claims, there 
remains at least the theoretical possibility of liability to 
a child born following treatments to preserve the fertil- 
ity of his or her genetic parent(s). Informed consent or 
other defenses to actions brought by adult patients do 
not preclude lawsuits brought by resulting children who 
could not have been a party to any agreement, waiver, 
or consent. One obvious possibility is a child born fol- 
lowing intracytoplasmic sperm injection (ICSI) due to 
a man’s subfertility, claiming that his own subfertility 
is a direct result of his genetic father’s condition. Most 
states have substantially developed law on the subject of 
“wrongful birth, “wrongful conception,’ and “wrong- 
ful life? with the majority rejecting claims for the latter 
essentially on the theory that any life has value over no 
life and therefore damages cannot be calculated. On the 
other hand, suits by parents for “wrongful birth” and 
“wrongful conception” have been recognized in some 
jurisdictions, with damages most frequently assessed 
for the cost of rearing an affected child [53]. Most of the 
law in this area predates developments in the fields of 
ART. Thus, if efforts to preserve fertility result in chil- 
dren with genetic or other impairments, or impaired 
fertility, depending on applicable, evolving state law, 
medical professionals involved in those efforts may 
find themselves vulnerable to subsequent claims by 
or on behalf of such children. 

Finally, insurance providers may be found liable 
for failing to insure fertility preservation procedures 
that are ancillary to cancer treatments. In one case, a 
man being treated for cancer sued his insurance carrier 
for denying his request to insure sperm banking costs, 
alleging claims of breach of contract and breach of the 
duty of good faith and fair dealing [54]. As medical 
advances give patients access to more options, includ- 
ing more proven options, to preserve fertility, insurance 
providers will need to provide very specific coverage 
rules and clearly communicate them to their clients. 


Model legislation 


Within the United States, family law and determina- 
tions of parenthood are governed by state law and 


therefore vary from state to state. Old donor insemin- 
ation laws apply in some states, while more recently 
enacted ART legislation or court decisions govern 
parental relationships in others. In an effort to update 
the law, and to encourage consistency, at least two 
national bodies of lawyers have proposed model leg- 
islation for states to adopt that clarify varying state 
laws and provide standards to address the rights and 
obligations of those who are involved with and using 
assisted reproductive technology. The 2000 Uniform 
Parentage Act, as amended in 2002, drafted by the 
National Conference of Commissioners on Uniform 
State Laws [55] (UPA) and the Proposed Model Act 
Governing Assisted Reproductive Technology drafted 
by the American Bar Association Section of Family 
Law’s Committee on Assisted Reproductive Genetic 
Technologies [56] (“Model Act”) will be addressed in 
this section. Although the existing proposed legislation 
is broader in scope than the current topic of male fertil- 
ity, both the UPA and the Model Act attempt to address 
the rights and obligations of males involved in fertility 
treatments in the areas of posthumous reproduction, 
and both attempt to clearly delineate donor and father- 
hood status. It should be noted that the sections in the 
Model Act dealing with parentage are drawn from and 
identical to the corresponding provisions of the UPA. 
Accordingly, they will be discussed concurrently. 

One of the issues addressed in the proposed leg- 
islation is the parent-child relationship of a posthu- 
mously conceived child. The proposed language within 
the UPA and the Model Act states, “if an individual 
who consented in a record to be a parent by assisted 
reproduction dies before placement of eggs, sperm or 
embryos, the deceased individual is not a parent of the 
resulting child unless the deceased spouse consented 
in a record that if assisted reproduction were to occur 
after death, the deceased individual would be a parent 
of the child” [57]. The Comment to the UPA explains 
that the section is designed to avoid the problems of 
intestate succession that might arise if the posthumous 
use of a person’s genetic material led to the deceased 
being determined to be a parent. Thus, the provision 
makes clear that consent to posthumous reproduction 
and posthumous intended parentage must be in writ- 
ing and explicit. It does not, however, address multiple 
other significant concerns, including the marital status 
of the donor and recipient, indefinite or extended time 
periods, or potential competing claims by other heirs. 

Both acts also address the male’s status as par- 
ent or donor to children born as the result of assisted 
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reproductive technologies. Both the UPA and Model 
Act state that while “a donor is not a parent of a child 
conceived by means of assisted reproduction, ... a 
man who provides sperm for, or consents to, assisted 
reproduction by a woman ... with the intent to be the 
parent of her child, is a parent of the resulting child” 
[58]. Thus, whether a male is considered to be a parent 
or donor hinges on consent, as a man who intends to 
be a parent of a child must consent in a record to all 
forms of assisted reproduction, while the requirement 
of consent does not apply to a male donor. Both acts 
go on to clarify that a male who fails to sign a consent 
can still be determined to be the father if “the woman 
and the man, during the first two years of the child’s life 
resided together in the same household with the child 
and openly held out the child as their own” [59]. 

The effect of dissolution of marriage or withdrawal 
of consent is also addressed by both the UPA and Model 
Act. If a former wife proceeds with assisted reproduc- 
tion after a divorce, the former husband is not the legal 
parent of the resulting child unless he has previously 
consented that if assisted reproduction were to occur 
after a divorce, the former spouse would be a parent of 
the child. This right is extended to unmarried men also 
by allowing a man to withdraw his consent to assisted 
reproduction at any time before it occurs, in which 
case, “an individual who withdraws consent under 
this section is not a parent of the resulting child” [60]. 
The Comment in the UPA points out that a child born 
through assisted reproduction accomplished after con- 
sent has been voided by a divorce or withdrawn in a 
record will have a genetic father but not a legal father. 
The section is intended to encourage careful drafting of 
assisted reproduction agreements to clarify intent. 

The growing number of court cases and emer- 
ging medical technologies in a country of varying 
laws and precedent make it clear that legislation is 
needed. This need is further articulated in the prefa- 
tory note to the Model Act, citing a 10-year-old Fourth 
Circuit Court of Appeals decision, still apt today, that 
states: “We join the chorus of judicial voices pleading 
for legislative attention to the increasing number of 
complex legal issues spawned by recent advances in the 
field of assisted reproduction. Whatever merit there 
may be to a fact-driven case-by-case resolution of each 
new issue, some overall legislative guidelines would 
allow the participants to make informed choices and 
the courts to strive for uniformity in their decisions” 
[61]. Until and unless uniform or model legislation 
is widely adopted by a majority of states, courts will 


need to continue interpreting the varying laws of 
individual states, and inconsistent rulings are likely 
to continue in this area. Until that time, none of the 
proposed language or paradigms have legal author- 
ity, because to give legal effect to any model legislation 
requires the approval of state legislatures. Even with 
uniform legislation, uncertainties are likely to arise and 
need to be resolved. 


Conclusion 


Predicting the future has never been an easy task for 
the law, and the law surrounding male fertility pres- 
ervation is no exception. An increased awareness and 
interest by patients, families, and offspring is inevita- 
ble, given the inquisitiveness of those who use these 
technologies and their resulting children, and the 
burgeoning of the field of collaborative reproduction, 
which continues to invent creative uses of technology, 
gametes, and embryos, including techniques of post- 
humous reproduction. If there is one thing that media 
stories of adolescents finding their “donor sibs” and 
cases involving posthumous parentage, donor ver- 
sus dad arguments, donor registries, “yes banks,’ and 
freezing gametes and embryos have taught us, it is that 
the unimaginable of yesterday is the likely reality of 
tomorrow. 

The legal issues surrounding male fertility preser- 
vation strongly suggest that professionals should have 
an increased awareness of both the availability of medi- 
cal fertility preservation treatments and the degree to 
which various treatments are experimental or proven, 
as well as a broader understanding of the concept of fer- 
tility preservation as one that includes legal parentage 
issues. Medical professionals will want to be informed 
about appropriate and available treatment options, and 
their risks and benefits. They will need to thoroughly 
inform and advise their adult and child patients accord- 
ingly. Carefully drafted consent documents, including 
supplemental consents, or separate legal agreements, 
drawn up in consultation with experienced legal coun- 
sel, may be determinative as to patients’ wishes being 
carried out. Both patients and their physicians may 
benefit from having separate, independent legal coun- 
sel advise them on novel issues, such as future use of 
cryopreserved gametes or embryos and the legal status 
of any resulting child. Physicians and patients will want 
to understand the legal aspects of preserving legal fer- 
tility or parenthood, beyond biological fertility, and the 
limitations and vulnerabilities that may surround that 
aspect of fertility preservation. 
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This chapter has focused ona general understand- 
ing of the legal issues involved in fertility preserva- 
tion, both biological and legal. With rapid medical 
advances and variations in laws, definitive guidelines 
are not possible. It is hoped that this discussion will 
increase awareness of the relevant legal issues, aid 
medical professionals in their efforts to provide com- 
prehensive care to their patients, and help protect the 
families they and their patients hope to create. 
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information yet starved for knowledge. 
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Introduction 


Our knowledge of male infertility, its causes and treat- 
ments, ultimately derives from raw observational 
and experimental data. Transforming those data into 
information depends on statistical analysis. Thus des- 
pite most clinicians’ understandable reluctance when 
it comes to mathematical formulae, the male infertil- 
ity specialist should have some understanding of the 
fundamentals of statistics, its foundation in the laws of 
probability, and its application to clinical problems. In 
this chapter, we will briefly review the basics of prob- 
ability, statistics, and computer modeling, with special 
attention to problems relating to male infertility. 


A quick review of statistics 
Probabilities 


Probability can be defined as the chance of a particu- 
lar event happening. Mathematically, probabilities are 
represented by a value between 0 (impossibility of the 
event happening) and 1 (the event is certain to hap- 
pen). For example, the probability of a random toss of 
a fair coin coming up tails is intuitively % or P(tails) = 
0.5. Probabilities have some interesting properties that 
are relevant to clinicians. If two outcomes are mutually 
exclusive, the probability of getting one or the other out- 
come is simply the sum of the individual properties: 


P(event1 or event2) = P(event1) + P(event2) 


For example, the chance of rolling a 1 or a2 ona fair die 
is 1/6 + 1/6 = 2/6. Since the sum of probabilities of all 
possible outcomes of an event is 1, the probability of an 
event not occurring can be easily calculated as: 


P(not event1) = 1 — P(event1) 
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Two events are said to be independent if the occurrence 
of one does not alter the probability of the other hap- 
pening. In this case, the probability of both events hap- 
pening is the product of the individual probabilities: 


P(event1 and event2) = P(event1) x P(event2) 


Combining the above equations allows solving 
some problems of clinical relevance. For example, a 
25-year-old womans chance of pregnancy with natu- 
ral intercourse is about 20% per month [1], and so the 
cumulative rate of pregnancy for an entire year is: 


1 - P(no pregnancy per month)” 
= 1 - 0.8”? = 0.93 or 93% 


Thus a normal couple has an approximate chance of 7% 
of reaching the common clinical definition of infertil- 
ity (failure to conceive in 12 months of unprotected 
intercourse) simply due to bad luck. 

Similar calculations can be made when counsel- 
ing couples on the chances of success using alternative 
strategies such as in-vitro fertilization with intracyto- 
plasmic sperm injection (IVF/ICSI) versus vasectomy 
reversal [2]. For example, in a couple with a 40-year- 
old woman, assuming a 70% reversal surgical success 
rate and a 3% fecundity per month from natural inter- 
course at age 40, we can estimate the likelihood of con- 
ceiving within a year: 


P(birth in one year) = P(surgical success) 
x P(birth from any of 12 cycles) 
=0.7 x (1 - 0.972) =0.21 or 21% 


Assuming a 16% live birth rate per IVF cycle with 
testicular sperm in a 40-year-old female [3], we find 
that the reversal strategy success rates lie somewhere 
between one and two cycles of IV F/ICSI: 


P(birth per one cycle) = 0.16 
P(birth per two cycle) = 1 - (0.84 x 0.84) = 0.29 or 29% 
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Of course, the above example is highly simplified, and 
assumes constant conception rates per cycle independ- 
ent of previous cycle outcomes (which is clearly not the 
case). For a more in-depth treatment of this problem, 
the reader is referred to papers dealing with cost-ben- 
efit analyses [4-8]. 


The Gaussian distribution 


A probability distribution describes how the prob- 
abilities of all possible outcomes of an event are 
divided or distributed. When the chances of all out- 
comes are equal, we have a uniform distribution, such 
as the chance of getting a certain value with a roll of a 
die (Fig. 32.1A). When we are computing the number 
of successes or failures in a set of experiments, say the 
number of heads in a certain number of coin tosses, the 
binomial distribution is obtained. 

In Figure 32.1B and C, we see the distribution of the 
sums of rolled dice as the roller increases the number 
of dice. Readers will immediately recognize the shape 
of the curve obtained after a large number of attempts 
as the “bell-shaped curve,” or the Gaussian distribu- 
tion. This distribution has a remarkable property. No 
matter what distribution we start with, be it uniform, 
binomial, skewed, etc., if we take enough samples of 


23 4 5 6 7 8 9 10 11 12 


Sum of 2 dice 
All possibilities 


B Fig. 32.1. The normal curve and central 


limit theorem. (A) Plot of probability of 
obtaining a particular result with the 
cast of one die, an example of a uniform 
distribution. Note that the area of all the 
columns (assuming unit width) sums to 
one. (B) Plot of probability of obtaining a 
particular sum with the roll of two dice. 
(C) Same as B, with five dice. (D) Results 
of 10 000 computer-simulated experi- 
ments in which the mean value of five dice 
was calculated (calculations and graphs 
done with the R statistical package). The 
Gaussian curve with the predicted mean 
(3.5) and standard deviation equal to pre- 
dicted standard error of the mean (0.763) is 
superimposed. 


Mean value of 5 dice 
(10,000 experiments) 


the distribution and average their mean, the distri- 
bution of the means will follow the Gaussian curve. 
This is illustrated in Figure 32.1D, where 10 000 simu- 
lated experiments of rolling five dice and taking their 
average was done. Most averages lie around 3.5, as 
predicted (3.5 = (6 + 1)/2 = mean of all possibilities). 
This is the central-limit theorem that lies at the heart 
of most statistical analyses. The formula of the curve, 
discovered by and named after the great mathemati- 
cian Karl Friedrich Gauss, is: 


1 —(x—p)* 


P(x) = 


This is where y is the mean and cis the standard devia- 
tion of the population. These two parameters are all 
that is needed to describe the curve. 

The probability that the mean from a certain popu- 
lation lies within a particular range is simply the area 
under the curve in that range (Fig. 32.2). This area can- 
not be calculated analytically, and is instead approxi- 
mated numerically. In Figure 32.2, the area included 
is within two standard deviations from the mean and 
covers about 96% of the total surface, and so we expect 
96% of experiments to give a result that lies within it. If 
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Fig.32.2. The area under the normal curve determines the 
chance of obtaining a result within the hashed area. 


we perform an experiment and get a result that lies out- 
side that range, then we should be suspicious that the 
result obtained came from a different population with 
a different true mean. This forms the basis of inferential 
statistical tests, as we describe below. 


P-value pitfalls 


“P < 0.05” is the holy grail sought by many investiga- 
tors. Readers have been conditioned to look for this 
statement in deciding the value of a treatment, or the 
importance of a factor. But what is a P-value of 0.05? 
Simply put, it means that whatever one says has a 95% 
chance of being right, and a 5% chance of being wrong. 
If the P-value is below a certain threshold - by conven- 
tion 5%, or 0.05 - then the statement can be described 
as “statistically significant.” 

What kind of statements can we calculate a P-value 
for? A large number as it turns out. All we have to do is 
transform the statement into a mathematical statistic that 
has a known probability distribution (often the normal 
distribution in Figure 32.2), and then see whether the 
result falls within the proscribed range. Proper under- 
standing of how the statements are framed, however, is 
necessary to avoid some pitfalls in interpreting P-values. 

One of the most common examples in biomedi- 
cine is comparing the means in two groups. Let us say 
we wanted to prove that a certain drug X improved 
sperm counts with 95% confidence (i.e., P < 0.05). 
We would set up an experiment where one group of 
patients received drug X and another got placebo. We 
would then calculate the mean sperm counts in the two 


groups, and determine if the difference was statistically 
significant. At this stage, many would recognize this 
as a situation requiring a t-test, employ their favorite 
software, and calculate the P-value. If the P-value was 
found to be < 0.05, they would interpret the study as a 
success, and rush to publication. But what if P was 0.06? 
Do they conclude the reverse and throw away all the 
work done on researching drug X? And even if P was 
less than the magical 0.05, does it really mean that drug 
X has an effect? To answer these questions, let us break 
the t-test into its components. 

The first step is to formulate a mathematically test- 
able hypothesis called the null hypothesis and denoted 
by H,: 


Ho : by = Me 


In other words, H, states that there is no difference 
between the means and that the drug has no effect and 
any observed difference is due to chance. The alterna- 
tive hypothesis (the one wed like to prove) is denoted 
as H: 


H; : by ~My 


To state that the drug had an effect, we have to accept 
H, by proving that H, is false with 95% confidence (or 
P < 0.05). While somewhat counterintuitive, this rea- 
soning is at the basis of most inferential statistics. To 
disprove H , we first calculate the t-statistic: 


My 7 B2 
SEM 


Where SEM is the standard error of the mean in the 
observed samples. 

For calculation, the reader is referred to standard 
statistical texts. If H, is true, then the calculated t-value 
should lie close to zero. If the observed t falls outside an 
area covering 95% of the ¢-distribution curve around 
the value 0, then we can be confident that H, is unlikely 
to be true. In that case the P-value of the test is less than 
0.05, and is in fact the chance of obtaining a t-value 
similar to or more extreme than the one observed. 
The smaller the P-value, the more confident we are in 
rejecting the null hypothesis and accepting the alterna- 
tive hypothesis. 

Having understood the t-test, we can easily answer 
the questions posed at the beginning of the section. A 
P-value under 0.05 simply indicates that the means of 
the two groups are different, but P< 0.05 does not tell us 
whether the difference has any clinical meaning. 
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On the other hand, a P-value higher than 0.05 
means we could not reject the null hypothesis and that 
the results observed could be due to chance, and nota 
true difference between the two means. It does not dis- 
prove the alternative hypothesis. Thus with a P = 0.06, 
the investigator should not reject drug X, and should 
perform further studies. In fact, rejecting the alterna- 
tive hypothesis when in fact it is true is known as a 
type II error. The likelihood of avoiding a type II error 
is known as the power of a study. In practice, many 
studies have low power because of high variability in 
the data and a small sample size. While the power of a 
study can usually be easily calculated, this parameter 
is seldom reported in most papers. Another pitfall 
in using P-values is the problem of multiple testing. 
Since a P-value is simply an indication of likelihood 
of getting results due to chance, if an investigator per- 
forms enough experiments and comparisons, he or 
she is eventually bound to reach a significant P-value 
under 0.05. This problem of multiple P-value testing 
is seldom taken into account in biomedical papers. 


Diagnostic tests 
Diagnostic thresholds and predictive values 


Diagnosis (from Greek dia, apart; gignoskein, recog- 
nize or discern) means to separate medical conditions. 
The purpose of a diagnostic test is therefore to allow 
the clinician to confirm or predict the presence versus 
absence ofa condition. Mathematically, the utility ofa 
test can be described by various parameters, the most 
commonly used being sensitivity, specificity, positive 
predictive value, and negative predictive value [9]. 

Table 32.1 shows the four possible outcomes of a 
diagnostic test prediction when compared to the true 
condition. Table 32.2 demonstrates various ways to 
mathematically describe the performance of a test. An 
ideal test would have values close to 100% on all param- 
eters. In the real world, however, this is seldom the case, 
and trade-offs abound. The relative importance of each 
parameter depends on the way the test is used, and the 
potential cost of a wrong decision (whether false posi- 
tive or false negative). 

In a screening test, where a positive (abnormal) 
result prompts further testing, the cost of a false nega- 
tive (missed diagnosis) is clearly much higher than that 
of a false positive (additional unnecessary testing). 
Thus a high sensitivity is desired. The use of the semen 
analysis to determine if a full male evaluation is indi- 
cated is a clear example of its use in screening [10]. 


Table 32.1. Possible outcomes of a dichotomous test 


Actual state 


Positive Negative 
(abnormal) (normal) 
Positive True positive False positive (FP) 
Test (abnormal) (TP) 
result Negative False negative True negative 
(normal) (FN) (TN) 


Table 32.2. Threshold-dependent parameters describing 
the performance of a test 


Metric Calculation 
Classification accuracy (TP + TN)/total 
Sensitivity TP/(TP + FN) 
Specificity TN/(TN + FP) 
Positive predictive value TP/(TP + FP) 
Negative predictive value TN/(TN + FN) 


In contrast, when a test is used to decide whether 
or not to employ invasive therapy, then a high posi- 
tive predictive value (PPV) is needed. For example, 
the diagnosis of ejaculatory duct obstruction must be 
well established prior to performing resection of the 
ejaculatory ducts (TURED), as the cost of perform- 
ing a needless surgery can be very high. One strategy 
to use in these cases is to employ a sequence of con- 
firmatory tests, so that the cumulative positive predict- 
ive value becomes acceptable (e.g., low semen volume 
combined with azoospermia combined with dilated 
seminal vesicles on TRUS is much more predictive of 
ejaculatory duct obstruction than each individually: 
see Chapter 23 for further details). Mathematically, 
this is due to the dependence of the PPV on prevalence. 
A positive preliminary test increases the prevalence of 
the disease, and therefore the predictive value of the 
confirmatory test. 


Receiver operating characteristic curve 


The calculation of sensitivity, specificity, and pre- 
dictive values presuppose a test with a dichotomous 
outcome. Most tests in medicine, however, measure 
numerical values (e.g., sperm count in millions in a 
semen analysis, or transverse diameter of seminal vesi- 
cles in millimeters on a TRUS). Converting these into 
a dichotomous outcome typically involves choosing 
a cutoff point (or threshold) which separates normal 
from abnormal values. Clearly, moving this threshold 
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Fig. 32.3. Receiver operating characteristic (ROC) curve. The 
curve is traced by plotting the specificity versus 1-sensitivity at 
various thresholds (circles). The diagonal (dashed line) represents a 
random guess. The further away the curve is from the diagonal, the 
better the test. 


affects the prevalence, sensitivity, and specificity of the 
test. A more stringent cutoff would give lower sensitiv- 
ity but higher specificity. To properly assess the util- 
ity and accuracy of a test, we have to come up with a 
measure that is threshold-independent. Such a meas- 
ure exists, and can be obtained from the receiver 
operating characteristic curve of the diagnostic test 
in question [11,12]. 

The roots of the receiver operating characteristic 
(ROC) curve are based in signal detection theory, and 
the concept was initially developed for enhancing 
detection of enemy airplanes on radar signals during 
World War II (hence the “receiver operating” part of 
the name). The curve can be obtained by plotting the 
specificity versus 1 - sensitivity of a test for all pos- 
sible thresholds (Fig. 32.3). This traces a line with a 
characteristic appearance. The diagonal on the plot is 
the tracing of a test in which the outcome is a pure 
random guess (i.e., a useless test). The further away 
from the diagonal the curve is, the better the test (i.e., 
higher sensitivity and specificity). This quality of the 
test can be quantified by measuring the area under the 
curve (AUC). A perfect test has an AUC = 1.0, while 
a worthless test has an area of 0.5. The AUC value can 
thus be used as a means to globally assess the dis- 
criminating ability of a test regardless of thresholds, 
and allows proper comparison of the power of various 
diagnostic tests. 


A mathematical look at semen analysis 


The 20 million/mL cutoff for diagnosing oligospermia 
is arguably the most notable threshold in the field of 
andrology. We owe this number to the scientist John 
MacLeod, who published his studies on the semen 
quality of fertile and infertile men in the 1950s [13]. In 
the conclusion to his studies he wrote: 
the striking feature ... is that the really significant differ- 
ences are in the count range between 1 and 20 million/cc, 
where more than 3 times as many infertile men as fertile 
men are to be found ... if an arbitrary level [for fertile 
sperm counts] is to be established, it should be set well 
below the 60 million mark previously accepted. 


Let us look at MacLeod’s data in light of our previ- 
ous discussion. Figure 32.4 shows the distribution of 
sperm concentrations in 1000 fertile men, and in 800 
men presenting with infertility (data derived from 
MacLeod [13]). Inspection of the histograms shows 
that the distribution in the infertile group is heavily 
skewed, while that of the fertile group is closer to the 
normal distribution. This is due to the fact that only 
5% of the fertile men had densities below 20 million/ 
mL, compared to 17% of the infertile cohort, a find- 
ing emphasized by MacLeod in his conclusions. Thus it 
seems that the 20 million/mL cutoff is reasonable. But 
superimposition of smoothed density curves shows a 
significant degree of overlap between the two groups. 
In fact, Table 32.3 lists the discriminating metrics of 
the sperm density test using the 20 million thresh- 
old value. The low sensitivity of 17% makes semen 
density a poor screening test for infertility. Can we 
improve the test by moving the threshold? The answer 
lies in calculating the area under its ROC. We have pre- 
viously shown this to be a poor 0.59 [11]. Thus, the test 
itself and not the threshold is the culprit for the poor 
accuracy. This has been confirmed by a recent study 
by Guzick et al., who found that a diagnostic threshold 
for fertility could not be established based on semen 
parameters alone [14]. Furthermore, 14% of men over 
the age of 45 fail to reach the current WHO criterion of 
20 million/mL, and age-specific thresholds have been 
suggested as a remedy [15]. 

Does all this mean we should discard the semen 
density as a diagnostic test? Certainly not! However, 
caution in its interpretation and in counseling patients 
on its significance is in order. Similar limitations exist 
with other tests of fertility, including the traditional 
semen parameters of motility and morphology, as 
well as more novel tests such as sperm DNA integrity 
[16]. One indication of the complexity of this problem 
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Table 32.3. Metrics of semen density as a fertility predictor 
according to MacLeod's data using a threshold of 20 million/mL 
[13]. Data from Niederberger [11]. 


Metric Value 
Classification accuracy 56% 
Sensitivity 17% 
Specificity 95% 
Positive predictive value 77% 
Negative predictive value 53% 


has been that agreement on new threshold values for 
the upcoming WHO Manual on Semen Analysis has 
lagged behind other sections of the manual. We eagerly 
await newer, more powerful tests of male fertility. 


Outcome studies 
The regression to the mean problem 


Regression to the mean is a statistical phenomenon 
first described by the nineteenth-century English sci- 
entist Francis Galton. In his “Regression towards medi- 
ocrity in hereditary stature,’ he correlated the height of 
children to the mean of the height of their respective 
parents [17]. Not surprisingly, he found that there was 


Sperm concentration (million/mL) 


a linear correlation between the two variables. He also 
observed that when parents had a height well above the 
mean of 68.2 inches (173.2 cm), their children’s height 
was usually lower (i.e., closer to the mean). Conversely, 
if the parents were shorter than 68.2 inches, say 65 
inches (165.1 cm), their children tended to be taller, and 
again closer to the mean. He called this phenomenon, 
which is statistical and not genetic, the “regression to 
mediocrity.’ We now call it regression to the mean, and 
we refer to the line describing the relation between two 
variables as the “regression line.” 

For the mathematically inclined, this phenomenon 
can be expected by examining the slope of the regres- 
sion line [18], which is: 


slope =—-r 
P S 


x 


Where S and S are the standard deviations of each var- 
iable, and r the correlation coefficient. Since r is always 
less than 1, then for any value of x, the predicted value 
of y is fewer standard deviation units from its mean 
compared to the deviation of x. 

An intuitive way of thinking of the problem is that 
if we select “high scoring” cases by a criterion that 
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involves some random element, then one reason those 
cases scored high is sheer luck, and that luck will not 
be a factor in a repeat measurement. The next score 
will therefore be closer to the average. In other words, 
in any measure with Gaussian distribution, spurious 
high scores are likely to descend, while low scores are 
likely to ascend. In male infertility studies, low semen 
parameters are often used as a selection criterion for 
study entry. Because semen parameters exhibit high 
variability, regression to the mean dictates that an 
increase will be observed on repeat measurements, 
regardless of intervention. Thus a strong placebo 
effect is to be expected, and the use of controls in 
such studies becomes of the utmost importance. 


The multivariate problem 


Another problem confronting the andrologist is the 
multifactorial nature of male infertility. In practical 
terms, this means that it is often difficult to predict 
response to treatment because the outcome depends 
on the interplay of multiple factors. This problem is 
approached mathematically through the use of multi- 
variate models. Understanding how these models are 
designed is important if one is to properly use the pre- 
dictive tools derived from them. 

A simple bivariate problem is presented in 
Figure 32.5, which depicts the outcome of testicular 
biopsy as it varies in patients with different testicular 
size and follicle-stimulating hormone (FSH). The entire 
range of possible combinations of variables is referred to 
as the “decision space.” In this (hypothetical) example, a 
line can be drawn that neatly separates the two groups. 
The prediction problem then becomes a case of finding 
the equation of this ora similar line that separates the two 
outcome groups. There are several methods for obtain- 
ing the proper line. These methods are broadly divided 
into those that are linear and those that are nonlinear. 


Linear models 


In discriminant function analysis, the observed data are 
used to create a Gaussian probability distribution cen- 
tered at the multidimensional mean of each group and 
with the appropriate standard deviations (represented 
by the plus sign and dashed contours in Figure 32.5). 
The value of each distribution at a particular point (x,y) 
corresponds to the conditional probability of finding 
a case at that point given a priori that the case belongs 
to that particular group. By using Bayes’ theorem, the 
posterior probability of belonging to each group can be 
calculated, and the case classified into the group with 
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Fig.32.5. Hypothetical decision space for the problem of predict- 
ing the outcome of testicular biopsy based on two variables. 


the highest posterior probability. This approach can be 
used to solve classification problems involving more 
than two groups. 

Logistic regression is another, more popular, 
approach applicable only to dichotomous outcomes. 
In this method, each predictor variable is multiplied 
by a particular weight, and the sum of these products 
is then used to predict the outcome. The weights are 
adjusted by an iterative process until the classification 
errors for the known cases are minimized. One reason 
for the popularity of logistic regression is that infer- 
ential statistical tests exist to determine if the weights 
are statistically significant (i.e., not zero). This allows 
researchers to report the predictive variables, and 
ignore the others in the predictive model. 

One example of the use of logistic regression is the 
prediction of sperm retrieval on biopsy. Ina study of 100 
patients with nonobstructive azoospermia, Tsujimura 
et al. found that serum testosterone, FSH, and inhibin 
Bare predictive of sperm retrieval success according to 
the following formula [19]: 


1 


+ pl? 201=0.048 FSH 0.4497 0-02 nhibin} 


P(sperm found) = i 


Interestingly, they found that age and testicular size 
were not significant predictors of success. The ROC 
area for this model was 0.76, a reasonable value. 


Nonlinear models 


What if the two groups could not be separated by a sim- 
ple line, such as in Figure 32.6? In this case, the linear 
models, which can only generate simple lines or curves, 
cannot be used. Instead, a nonlinear model that allows 
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Fig. 32.6. Hypothetical decision space for the nonlinear problem 


of predicting the outcome of testicular biopsy based on two 
variables. 


the generation of separating lines of any arbitrary com- 
plexity is used. Artificial neural networks (ANNs) are 
a prime example of such models. ANNs were initially 
inspired by the function of biological neurons, but they 
have acquired solid statistical foundation, and are cur- 
rently considered but a single aspect of pattern recogni- 
tion analysis. A typical ANN consists of several layers, 
each composed of one or more nodes. For example, the 
ANN in Figure 32.7 has one input layer, one hidden layer, 
and one output layer. Each node takes a series of inputs, 
which are summed after multiplication by adjustable 
weights. The output of the node is modified by the logis- 
tic activation function before being passed to the nodes 
in the next layer. The key parameters of neural networks 
are the weights, which are adjusted during training by 
minimizing the error function on known samples. 

An example of ANN used in fertility studies is 
the prediction of IVF/ICSI outcomes with surgically 
retrieved sperm [20]. By examining 83 known cases, 
Wald et al. devised a predictive tool that can be easily 
accessed from any browser-enabled computing device 
(Fig. 32.7B), and that allows the clinician to counsel 
patients on the odds of success given various param- 
eters such as female age and method of sperm retrieval. 
A similar approach has been used to predict the need 
for vasoepididymostomy at the time of vasectomy 
reversal [21]. As access to computing devices increases, 
we expect such tools to gain in utility and popularity. 


Conclusion 

In this chapter, we have presented a bird’s-eye view of 
the application of statistical and computational meth- 
ods to the field of male infertility. We have shown how 
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Fig. 32.7. (A) Schematic depiction of an artificial neural network 
(ANN) to predict IVF/ICSI outcome from surgically derived sperm 
(based on Wald etal. [20]). (B) Screenshot of computer-based 
prediction tool. 


these applications can lie at the heart of clinical day- 
to-day decision making, such as in the use of semen 
analysis cutoff points. Beyond the classical statistical 
concepts taught in medical school, we have shown how 
emerging computational models can be used as clinical 
tools. We hope the reader has gained an appreciation of 
how data analysis impacts their practice, and that, for 
the mathematically curious, we have provided a start- 
ing point for learning more. 
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Semen analysis 


Susan A. Rothmann and Angela A. Reese 


Introduction 


Semen analysis is an important “gateway test” for 
evaluating male fertility [1-5]. As a noninvasive and 
relatively inexpensive test, semen analysis often is the 
first test ordered when a couple presents for a fertil- 
ity workup or when a man is interested in permanent 
contraception [6-10]. The consequences of incorrect 
semen analysis results can be expensive invasive treat- 
ment or inappropriate focus on finding pathology in 
the wrong partner [11]. The utility of semen analysis 
in reproductive toxicant exposure assessment makes it 
an important tool for environmental and occupational 
health [12-14]. Semen analysis also is vital in moni- 
toring conception control after interventions such as 

vasectomy [15,16]. 

Semen analysis does not test for a solitary analyte 
but is actually a panel of tests that measure many organ 
and gland functions (Table 33.1), each requiring dif- 
ferent technologies and skills [17]. Semen is the com- 
posite product of fluids and cells from the testes and 
the male accessory glands, and contains primarily the 
following key elements [18-21]: 

(1) aminute amount of clear mucoid secretions from 
the bulbourethral (Cowper’s) glands that serve to 
lubricate the urethra and neutralize any residual 
acidic urine; 

(2) asmall amount of acidic secretions from the 
prostate that contain zinc, citric acid, acid 
phosphatase, and prostate-specific antigen (PSA); 

(3) secretions from the cauda epididymidis and vas 
deferens that contain spermatozoa; 

(4) alkaline secretions from the seminal vesicles that 
constitute most of the semen volume and contain 
fructose, prostaglandins, and seminogelin 
proteins. 


Semen analysis is performed primarily in two types of 
settings: (1) general reference or hospital pathology 


clinical laboratories, where most of the initial screen- 
ing is performed, and (2) andrology or fertility labor- 
atories for more intense analysis, usually in a fertility 
treatment setting. Some post-vasectomy screening is 
still performed in physicians’ offices, but the medico- 
legal environment, regulatory compliance, and certi- 
fication costs have made many physicians unwilling to 
provide laboratory results. 

No matter where it is performed, semen analysis is 
often unreliable [22]. In spite ofthe importance ofsemen 
analysis in fertility diagnosis and treatment, it remains 
in most clinical laboratories, “the neglected laboratory 
test” [6]. Some of the factors that make semen analysis 
results controversial and questionable are: 

(1) Semen analysis is practically the last routine 
manual microscopic test in the laboratory, 
because of a lack of technology that is reliable, 
affordable, operator-friendly, and easy to integrate 
into laboratory workflow. 

(2) Many laboratories use procedures that are 
outmoded or overly complex, or use equipment 
and supplies not designed for semen analysis. For 
many laboratories, the semen analysis procedure 
passes on through the years without any effort to 
modernize or validate it. Conflicting opinions 
among experts about how to perform semen 
analysis are apparent in publications, notably 
the World Health Organization (WHO) 
manuals [20,23]. 

(3) Unlike most of current clinical pathology, 
semen analysis is not merely a data stream 
from an instrument, but relies upon and values 
the professional judgment of the analyst. 
Unfortunately, training for semen analysis is 
often minimal or inadequate. Semen analysis 
is discussed for a few hours at most in medical 
technology education and often is not included 
in clinical training. The testing may not be 
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Table 33.1. Characteristics measured by semen analysis 


Parameter Characteristic or function 


Semen volume Fluid and protein products 


of male accessory glands 
(indirectly) 


Coagulation 
Liquefaction 


Consistency (also known 
as viscosity) 


Sperm count Spermatogenesis, 


spermiogenesis 
Sperm motility 
Sperm maturity 
Sperm morphology 
Sperm viability 


Leukocyte concentration Inflammation or infection 


performed daily, so competency and speed are 
difficult to accumulate. In most clinical settings, 
few funds are available for postgraduate training. 
Many reference books and manuals on semen 
analysis give impractical advice for the laboratory 
that primarily performs screening semen analyses. 

(4) Too many laboratories fail to understand 
principles of laboratory quality management. 
Many use quality controls (QC) that bear no 
resemblance to sperm or semen, or do not use any 
at all. More laboratories (but not all) participate 
in the many available external quality control or 
proficiency testing (PT) programs, but in many 
cases routine QC is overlooked and competency 
is rarely evaluated outside of a PT challenge. 
Without the benchmark that appropriate 
quality measures give, knowing whether a test is 
performed properly is very difficult. 

(5) Although an important part of evaluating the 
male reproductive system, semen analysis only 
provides a snapshot of a few fertility markers, at 
a single point in time. Other, more sophisticated 
tests of sperm function add to the ability to 
predict fertility and find pathology. Several 
semen analyses are needed to provide a consistent 
picture of a man’s seminal health. The results need 
to be taken in context with the man’s history and 
clinical presentation, as well as his partner's [24]. 
Unfortunately, many men do not receive 
appropriate clinical consultation to accompany 
semen analysis. 


Initial evaluation of semen 


Semen specimens usually are collected by masturba- 
tion into a wide-mouthed polypropylene container 
from a batch or lot tested for lack of sperm toxicity. 
Collection of semen into a nonlatex, usually Silastic, 
condom during coitus appears to yield a higher-quality 
sample, but this practice is used infrequently [25-27]. 
Most references suggest that a period of 2-5 days of 
ejaculatory abstinence should precede semen analysis, 
but a recent study suggests that an abstinence of 1-2 
days yields a specimen with better motility and mor- 
phology in men with oligospermia [28]. Declines in all 
semen parameters, especially sperm morphology, were 
associated with abstinence prolonged for more than 
10 days [28]. 

Semen should be evaluated 60-90 minutes after 
collection. Recording both the time the sample was 
collected and the time the sample analysis was initiated 
is essential. When samples are transported to a central 
laboratory, or when patients cannot collect the sample 
at the laboratory site, the elapsed time can exceed many 
hours. This practice should be avoided, but, if neces- 
sary, should at least be brought to the physician's atten- 
tion on the analysis report. Sperm motility decreases 
significantly after three hours, and continues to decline 
over the next 6-18 hours [29,30]. If delays are inevit- 
able, samples should be kept at room temperature, 
since exposure to refrigerator or body temperatures 
accelerates the decline in motility [29,30]. Whenever 
possible, semen should be collected at the laboratory 
to permit observation immediately after collection and 
during liquefaction. 

Creating a private and comfortable environment 
for both collection and sample receipt improves patient 
experience [31]. The amount of time the man spends 
on sample collection is correlated with arousal and 
better sperm quality [32]. Most men experience some 
embarrassment in discussing their semen collection, 
andall personnel, from the receptionist to the receiving 
technologist, must put the patient at ease. The patient 
must understand that honesty about abstinence time 
and any collection difficulties is an important part of 
the semen evaluation. At the time of sample receipt, 
the man should be asked when he last ejaculated, if the 
sample is complete, and if any portion was lost during 
collection. When this information is requested in mul- 
tiple open-ended questions, the patient is more likely 
to give the true answer [31]. 

After the sample is received, it must undergo lique- 
faction before analysis commences. Upon ejaculation, 
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semen immediately coagulates into a semi-solid gel, 
primarily by the action of seminal vesicle semenoge- 
lin proteins [33,34]. The proteolysis of semenogelin 
by PSA causes semen to liquefy, usually within 5-20 
minutes [18], and thus loss or partial secretion of the 
first prostatic fraction during collection can cause 
incomplete liquefaction [35,36]. The change from the 
coagulated to the liquid state should be evaluated at 30 
minutes and, if incomplete, at 60 minutes, by swirling 
the sample. Any residual gelatinous material or parti- 
cles indicate incomplete liquefaction. Decreased motil- 
ity can be a consequence, since intact semenogelin can 
immobilize sperm [33]. 

As with handling all biological fluids, handling 
semen samples carries the risk of exposure to infec- 
tious pathogens. Laboratory workers must use protect- 
ive measures, such as gloves, fluid-resistant gowns, and 
eye protection, and dispose of materials contaminated 
by semen as biohazardous waste [37]. Many countries 
have specificlaboratory occupational safety regulations 
that must be followed and documented (e.g., in the 
USA, Occupational Safety and Health Administration, 
or OSHA). 

After liquefaction, the semen is assessed macro- 
scopically. An obvious, unpleasant odor should be 
noted, as it may indicate infection or excessive sam- 
ple age. The normal color is an opalescent off-white. 
Brown-colored semen is found frequently in assisted 
ejaculates of men with spinal cord injury, unrelated to 
red blood cells or heme [38]. 

Routine measurement of pH is not necessary and 
provides no useful clinical information if sperm are 
present [20,39]. Human semen pH measurements 
vary with technique and time after ejaculation, increas- 
ing immediately after ejaculation but decreasing as the 
specimen ages [40]. In the case of low volume and com- 
plete lack of sperm (azoospermia), pH may give some 
indication whether the problem relates to dysfunction 
of the accessory glands as opposed to specimen loss 
during collection, but other tests using biochemical 
markers or ultrasound examination are more reliable. 

Some references recommend weighing the semen 
sample to get the most accurate volume measurement 
[41,42]. This practice seems overly stringent, given the 
variability of ejaculation during semen collection. Clear 
evidence exists that for many men, the typical practice 
of collecting a semen sample by masturbation yields 
less volume than found during coitus [25-27,32]. At 
best, volume measures are an estimate of the man’s nat- 
ural semen output, and probably are an underestimate. 


As noted above, duration of ejaculatory abstinence has 
a major influence on semen volume, and rarely are suf- 
ficient ejaculates from a single man examined to deter- 
mine his specific optimum. For these reasons, using a 
5 mL serological pipette gives a volume measurement 
that is probably as reliable as possible or necessary with 
much less effort. 

Mixing a semen sample thoroughly is critical for 
accurate sperm counts, both initially and through- 
out each step of semen analysis [17,43,44]. The lique- 
fied sample should be pipetted into a conical centrifuge 
tube and vortexed at a medium speed for 2-3 seconds 
twice. During pipetting, volume can be measured and 
consistency (commonly referred to as viscosity) can 
be evaluated. If the sample leaves the pipette in drops, 
the consistency is normal; if it exits as a long strand or 
“thread,” the consistency is high or abnormal. Samples 
with high consistency can be difficult to mix and pip- 
ette, and this should be noted to alert the physician that 
test results may be inaccurate due to unavoidable sam- 
ple handling errors. Treatment of semen with chymo- 
trypsin usually is effective in reducing the consistency 
and making the sample easier to process [43-45]. Any 
chemical alterations should be reported. 


Microscopic examination 


Next, the semen should be examined microscopic- 
ally for the presence of bacteria, round cells, debris, 
agglutination (adherence of motile sperm to other 
sperm), or aggregation (adherence of sperm to other 
cells or debris). This can be accomplished by placing 
a drop or a 10 uL aliquot of the semen on a glass slide 
and coverslipping it to make a “wet preparation,’ or it 
can be performed at the same time as sperm count- 
ing if a chamber that does not require dilution is used 
(see below). Most semen contains a minor amount 
of debris, generally anucleate material smaller than a 
sperm head [8]. Moderate to heavy debris should be 
noted. Bacteria may indicate infection if the concen- 
tration exceeds 1000/mL, but can also represent con- 
tamination during sample collection, or colonization 
of the urethra [46]. Sperm agglutination suggests the 
presence of antisperm antibodies [47]. Enzymatic 
treatment can reduce agglutination and allow sample 
analysis [48-49]. 

Round cells include leukocytes and immature 
germinal cells, which can be reported as an average 
number per 10-20 high-power (x 40) fields or can be 
counted using phase microscopy. A peroxidase test 
can be used to detect polymorphonuclear neutrophils 
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Fig. 33.1. Comparison of leukocytes and sperm precursors: 

(1) spermatocyte; (2) spermatid; (3) polymorphonuclear leukocyte 
(PMN) — note nuclear bridges; (4) monocyte - note large U-shaped 
nucleus, foamy cytoplasm. See color plate section. 


(PMN), but peroxidase staining will not detect non- 
PMN leukocytes such as macrophages and monocytes, 
which can account for half of total leukocytes [50]. 
In a well-stained semen smear, PMNs can be identi- 
fied easily by their multilobed nuclei connected by 
nuclear bridges and cytoplasmic granules not found in 
sperm precursor cells and other leukocytes (Fig. 33.1). 
If enumerated as number of leukocytes, or specifi- 
cally PMNs, per 100 sperm, the absolute number can 
be calculated from the total sperm count. The com- 
mon thresholds for leukocytospermia are over 1 mil- 
lion total leukocytes per mL of semen or over 500 000 
PMN/mL [42,50]. Using the total leukocyte definition, 
approximately 10-20% of infertile men have leuko- 
cytospermia [51]. Leukocytes are poorly associated 
with infection, with about 20% of specimens positive 
microbiologically [51-53], and commonly indicate 
an inflammatory response in the epididymis or pros- 
tate [54,55]. Episodic leukocytospermia secondary 
to long-distance cycling-induced acute epididymitis 
has been observed in sperm donors (S. A. Rothmann 
and D. Houlihan, unpublished observations), and 
may occur chronically in competitive cyclists due to 
testicular trauma [56-58]. Leukocytospermia is asso- 
ciated with poor sperm quality due to the production 
of cytokines, hydrogen peroxide, and reactive oxygen 
species [50,51,59-61]. 


Manual sperm counting 


The best way to view sperm is with a microscope 
equipped with a 20x phase-contrast objective. Many 
clinical laboratories do not use phase-contrast and use 
a 10x objective, making the procedure much more dif- 
ficult. Adding phase optics to an existing microscope is 
a relatively inexpensive way to improve semen analysis. 


Optimizing microscope illumination and maintaining 
the instrument are essential for good optical quality 
and specimen viewing. 

In order to quantify the cellular elements in semen, 
a counting chamber must be used. Several types are 
available (Fig. 33.2). For many years, the hemacytom- 
eter was the only chamber available for sperm count- 
ing. However, the hemacytometer was not designed 
for semen or sperm counts, and using one generates 
a great deal of unnecessary labor and time spent, not 
to mention incorrect results [62,63]. Hemacytometers 
are associated with the largest variation in proficiency 
tests [64]. The semen must be diluted, requiring paral- 
lel dilutions and duplicate testing of the diluted sample 
to detect pipetting errors, which commonly occur [65]. 
The chamber depth of approximately 100 um is com- 
pletely inappropriate for a mixture of motile and non- 
moving cells. Figure 33.3 illustrates the problem. As 
time elapses, the nonmoving cells settle to the bottom of 
the chamber. The moving cells continue to swim up and 
down the depth of the chamber, with the result that all 
of the sperm are never in the same focal plane, making 
it impossible to get an accurate count of moving cells. A 
common mistake is to report no moving cells when in 
fact they are just above the plane of view, or to estimate 
that all are moving when the nonmotile cells are lying 
on the bottom of the chamber below the plane of view. 

The hemacytometer chamber and coverslip must be 
thoroughly cleaned and dried before reusing, leaving 
no spermicidal residue. Sperm cells have a tendency to 
adhere to glass, and can contaminate future samples if 
the chamber is not cleaned adequately. Repeated clean- 
ing will gradually wear down the surface, increasing 
the depth of the chamber and potentially leading to 
incorrect sperm count and calculation values. A hema- 
cytometer that is used regularly should be replaced 
every 1-2 years or when scratched, although many 
laboratories admit to using their hemacytometer well 
beyond this time. 

The better choice is to use counting chambers 
designed specifically for sperm counting. Sperm 
counting chambers have two advantages: they do not 
require dilution, eliminating the need for duplicate 
counts, and they have a depth appropriate for semen 
(10-20 um), which allows viewing of the motile and 
immotile sperm in the same focal plane [17,66,67]. 
The Makler counting chamber, introduced in the 
late 1970s for semen analysis, is reusable but requires 
extremely careful loading and handling to produce 
reliable results [68-70]. Using disposable chambers 


553 


554 


Chapter 33: Semen analysis 


B 
AUSSER IMPROVED 
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HEMACYTOMET® 0.100 MM. DEEP 


Fig. 33.2. Counting chambers: (A) Makler® chamber; (B) Neubauer hemacytometer; (C) Standard count, Leja slide; (D) Cell Vision®. 


(E) Cell-Vu®; (F) Microcell™. 


A 


Fig. 33.3. Comparisons of counting 
chamber depths: (A) 10-20 um deep 
sperm counting chamber, sperm in one 
plane of view; (B) 100 um deep hema- 
cytometer, sperm in multiple planes of 
view. 


eliminates chamber cleaning, saving labor and incon- 
venience while at the same time providing a volu- 
metric loading, which appears to increase counting 
precision. However, the fluid dynamics of particle flow 
in capillary-loaded chambers can lead to migration of 
particles or cells into the filling front as the sample 
flows into the chamber, termed the Segre-Silberberg 


effect. The effect is very pronounced for spheres, and 
has been documented with porcine semen [71,72], but 
the consequences for human semen and sperm have 
not been reported. The Segre-Silberberg compensa- 
tion factor for undiluted semen is close to 1.0, which 
reduces the impact of the effect [73]. Deeper chambers 
are less prone to the effect. 
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Comparisons of counting chambers abound in 
the literature, but the use of different analytic tech- 
niques, quality control, and methodology leads to 
conflicting recommendations [67,74-78]. Failure to 
take the Segre-Silberberg effect and chamber volume 
into account may explain some contradictions among 
chamber comparison reports. All counting chambers 
have intrinsic strengths and weaknesses, many of which 
may be masked by semen properties, and laboratories 
must choose which characteristics are most important. 

At least 200 sperm should be counted, which may 
require either examination of multiple fields in a 
chamber that uses an eyepiece reticule or multiple loads 
of chambers that have grids on cover glasses [79]. Once 
the count of sperm within the chamber is completed, 
calculations must be performed to obtain the number 
of sperm per milliliter of semen. Although technically 
that number is sperm concentration, it has a differ- 
ent connotation for semen analysis than most clinical 
parameters. Because sperm production is not tightly 
regulated like blood cell or hormone production, con- 
centration is not a measure with clinical relevance, but 
instead has become a convenient way to compare sam- 
ples and is often used, erroneously, as a key reference 
variable. The total sperm output is a more relevant 
measure, and it depends on testicular size, a variable 
that is almost never known to the laboratory and often 
not known to the treating physician [20]. Total sperm 
count is a compromise that has more meaning than 
concentration, and it is obtained simply by multiplying 
the concentration of sperm in the semen by the semen 
volume. Unfortunately, the WHO and many authors 
perpetuate the use of concentration as a key parameter, 
and until a major shift in thinking occurs, it probably 
will continue. 


Manual assessment of sperm motility 


Sperm motility testing is another area in which many 
mistakes are made and procedures are overly compli- 
cated and more time-consuming than needed. The three 
methods commonly used are shown in Table 33.2. 

The most common method for analyzing sperm 
motility is estimating the percentage of motile sperm in 
several microscopic fields and computing the average. 
Since this is almost completely subjective, the accuracy 
and precision are poor. A more objective, but still dif- 
ficult, method requires counting both the motile and 
the nonmotile sperm, then calculating the percentage 
that are motile. If the sperm are moving very slowly 
and the sample has very few sperm, counting them can 


be performed without much problem. If the sperm are 
moving normally and quickly, the method is extraor- 
dinarily difficult to perform with any accuracy and 
precision. Since sperm swim randomly, it is difficult to 
determine whether a sperm at a given point in a cham- 
ber was counted previously before it reached a new 
location. Very rapidly moving sperm in a concentrated 
specimen are virtually impossible to count. 

An easier, much more objective and reproducible 
method for motility analysis can be used (Fig. 33.4) 
[17,80,81]. First, a small (~100 uL) aliquot of the well- 
mixed, liquefied sample is pipetted into a 1 mL micro- 
vial. The vial is incubated in a 56 °C water bath for about 
five minutes to immobilize the sperm. While this incu- 
bation proceeds, the fresh semen sample is loaded into 
a counting chamber, and only the nonmotile sperm are 
counted. At the completion of the incubation period, 
the immobilized sample is loaded into a counting cham- 
ber, and the number of sperm is counted (this number is 
also the total sperm count). The difference between the 
two, the total number of sperm in the immobilized sam- 
ple minus the number of nonmotile sperm in the fresh 
sample, is the number of motile sperm. From these two 
numbers, calculations can be performed to determine 
the sperm concentration, total number of sperm in 
the ejaculate, percentage motility, and total number of 
motile sperm. Counting nonmoving sperm is easy and 
reproducible, within and among technologists. 

For decades, WHO and other references recom- 
mended that semen analysis should include a progres- 
sive motility score derived from counting motile sperm 
in separate progression categories - rapid, slow, and 
nonprogressive [8,42,82-84]. This difficult and time- 
consuming task requires discriminating the speed of 
movement of the sperm cells, either subjectively or 
more objectively, by counting the number of squares 
each sperm swims through during a given amount of 
time. An ability to take into account many variations in 
the sperm cells’ movements is essential, almost impos- 
sible for the human eye [20,85]. As a consequence, many 
technologists simply look at the sample and estimate the 
progression subjectively. However, the objective motil- 
ity method described above (Fig. 33.4) also can be used 
to discern slow and nonprogressive from rapidly pro- 
gressive sperm, based on the idea that slowly moving 
sperm can be counted more easily and accurately than 
rapidly moving sperm. For the fresh semen aliquot, one 
button of a multi-button tally is used to count nonpro- 
gressive and slow-swimming sperm (those sperm that 
do not move more than one square while counting 
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Table 33.2. Comparison of sperm motility methods 


Method 


Estimate 


Procedure 
Estimate percentage of moving sperm 
Semi-objective Count moving and nonmoving sperm 


Objective Count nonmoving and immobilized sperm 


Semen sample 
liquefied and thoroughly mixed 


56° H2O 
5 minutes 
all sperm immobilized 


Count nonmotile 
sperm (NM) 


Count immobilized 
sperm (T) 


T-NM = motile sperm (M) 
M 


7X 100 = % motile 


Fig. 33.4. Method for objective determination of sperm motility. 


across a row of squares), and the second button is used 
to count nonmotile sperm. The immobilized aliquot is 
analyzed as usual. The difference between the nonmo- 
tile, slow, and nonprogressive sperm in the fresh sample 
and the total sperm in the immobilized sample is the 
number of rapidly progressive sperm. 

Several other manual sperm count and motility 
assessment procedures are not worth the time and 
effort in most settings. Many facilities try to keep the 
semen sample at 37 °C throughout the semen analy- 
sis, including microscopy. Since short-term percent 
sperm motility in semen is not noticeably affected by 
changes of temperature between room air and body 
temperature, this practice is unnecessary [20,29,30]. 
However, sperm progression and kinematic measures 
(see Automation, below) are temperature-dependent, 
and are most relevant clinically when analyzed at 37 °C. 
For clarity, the temperature of the analysis should be 
noted on the report. Measuring sperm motility at mul- 
tiple times after collection is a completely time-wasting 
measure that yields no useful clinical information. 


Sperm viability 

Sperm viability testing typically uses a nuclear exclu- 
sion stain to determine whether nonmotile sperm are 
alive and not able to move, or actually dead (necro- 
spermia). Viability testing requires a very simple two- 


Ease Accuracy Precision 
Difficult Poor Poor 
Difficult Poor Poor 

Easy Excellent Excellent 


step staining procedure, using eosin Y as the stain and 
nigrosin as a counterstain [86-88]. The method is quick 
and easy to evaluate. Sperm that exclude the stain are 
alive and those that take up the eosin are dead. Both can 
be visualized well against the blue-black nigrosin coun- 
terstain (Fig. 33.5). Smears stained with eosin alone can 
be evaluated for viability percentage but will be more 
difficult to analyze [86-88]. 

In a freshly collected sample, the percentage of 
motile and viable sperm should be similar, making 
viability a good check of motility. Since dead sperm do 
not swim, the number of viable sperm should always 
be higher than or close to the number of motile sperm. 
Someaccrediting organizations require viability testing 
when sperm motility is low in order to rule out necro- 
spermia. In practical use, the threshold should be very 
low (< 10-30% motile), since necrospermia as a clinical 
condition is rare. Probably the most common cause of 
low viability is contamination of the sample with lubri- 
cants, most of which are spermicidal [89,90]. 


Sperm morphology 

The component of sperm morphology is one of the 
most predictive measures of fertility potential and 
therapeutic outcome [1,4,23,91-93]. For an infertile 
couple, abnormal sperm morphology can suggest the 
next therapeutic step such as varicocele repair, in-vitro 
fertilization (IVF), or intracytoplasmic sperm injec- 
tion (ICSI). Morphology also is an important measure 
of toxic exposure from environmental and occupa- 
tional sources [12-14]. Ironically, sperm morphology 
is probably the most confusing component of semen 
analysis to perform and the most difficult part to 
interpret [6,20,22,94-98]. There are many different 
staining methods used, not all suitable for semen, and 
some technologists even attempt to determine mor- 
phology from unstained wet preps, an impossible task. 
There are many classification systems in use, each with 
its own criteria for what constitutes a normal cell, and 
most with poor standardization of morphologic vari- 
ants. Some systems describe the location of the defects, 
some the specific types of defects, and some only report 
the percentage of normal sperm cells. 
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Fig. 33.5. Sperm viability using eosin-nigrosin staining: (A) live 
(white) cell — excludes the stain; (B) dead (pink) cell - takes up the 
stain. See color plate section. 


Morphology methodology 

The first step in sperm morphology is to make a good, 
even semen smear, not too thin and not too thick. Too 
thin and there will not be enough sperm present for a 
good evaluation. Too thick and the sperm can be lay- 
ered and difficult to focus on clearly. Roughly made 
smears can also separate the sperm heads from the tails 
as an artifact, leading to an incorrectly high percentage 
of midpiece abnormalities. 

To make the smear, a small drop of semen (approxi- 
mately 10 uL) should be placed near the labeled end of 
the slide [80]. Another glass slide is held at a 45° angle to 
the smear slide and used to pull the semen slowly across 
the slide. The angle can be increased or decreased to 
make the smear slightly thicker or thinner, depending 
on the concentration of the sample. Ideally, the smear 
should immediately be fixed using a spray cytology fix- 
ative to reduce air-drying artifacts, dried thoroughly, 
and then stored in a dry place until stained. 

The best stain for semen smears and sperm is a 
modified Papanicolaou (Pap) stain [42,82-84,97], 
providing good clarity and color differentiation among 
the regions of the cell. Pap-stained smears also are sta- 
ble over time, allowing later review. The traditional Pap 
staining method was time-consuming to prepare and 
perform, but with most of the stains available com- 
mercially as ready-to-use solutions, the labor is greatly 
reduced. Although passing the smears through multi- 
ple solutions takes about 20-30 minutes longer than 
alternative three-step methods, the results are worth 
the effort [99]. Using limonene-based xylene substi- 
tutes eliminates old concerns about the organic solvents 


in Pap stain procedures. A three-step quick Pap stain 
also can be purchased. Because semen analysis often is 
performed in body fluid sections of hematopathology, 
stains such as Wright-Giemsa commonly are used. 
Although rapid and available commercially in one- 
step and three-step kits, these stains do not provide the 
same clarity and color variation as the Pap stain. The 
one-step kits should always be avoided. A particular 
problem is that semen mucoprotein, which is almost 
unnoticeable in a Pap-stained smear, stains vivid pur- 
ple with Wright-Giemsa stains, obscuring much of the 
fine detail of the sperm morphology. A third option for 
semen smears is to use pre-stained blood film slides, 
but the visual quality for sperm cells usually is very 
poor and the stain is not stable, so that the smears can- 
not be stored for later review. 

After staining, the smear should be coverslipped 
and examined using a 100x oil objective with a 10x eye- 
piece. The head, midpiece, and tail of each sperm are 
separately evaluated (Fig. 33.6). Ifany of the three major 
structures is abnormal, the sperm is classified as abnor- 
mal [84]. A single-key tally is used in one hand to keep 
track of the number of sperm analyzed, while a multi- 
key tally is used with the other hand to tally normal, 
borderline abnormal, or abnormal [99]. Depending on 
what information the ordering physician orstudy needs, 
the location of the abnormality (head, midpiece, tail) or 
type of abnormality, such as shape of head, size, etc., can 
also be determined and tallied [20,91,92,97,99]. At least 
200 cells must be evaluated to ensure a statistically valid 
evaluation of the sample [42,79]. 


Classification of sperm morphology 

Ideally, a classification scheme provides a standardized 
system that allows many observers to compare results, 
has clinical relevance, and relates in a meaningful way 
to fertility [95]. Consistent classification of sperm 
cells among individual observers and across time has 
been difficult to achieve. Many examples of this can be 
found in external quality control and proficiency test- 
ing programs [96,100-102]. Often participants’ results 
encompass the entire potential result range of 0-100% 
normal forms, and in spite of extremely large standard 
deviations generated by the results, about 5% of obser- 
vations exceed acceptable limits [96]. 

Why is sperm morphology so difficult to standard- 
ize and quantify? Unlike those of many other species, 
human sperm are extremely pleiomorphic in several 
respects: many subtle variations of normal exist, and 
many irregular and abnormal forms are present [12,95]. 


557 


558 


Chapter 33: Semen analysis 


2-D IMAGE AS SEEN ON A STAINED 
SLIDE: 


Fig. 33.6. Diagram of normal 
human sperm. 
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Agreeing on correct classification of different morpho- 
logic forms is difficult when they display continuous 
variation rather than precise and unique typologies 
[95,98,103,104]. A discrete form along the morphologic 
spectrum may be readily identifiable, but intermediate 
variations can be difficult to differentiate and often may 
be misclassified. The effect of this problem can be mini- 
mized with larger sample sizes of 200-500 cells but can 
be profound if too few cells are assessed. The use of poor 
cytological techniques, such as evaluation of unstained 
preparations, inadequate cell fixation, or unsatisfactory 
staining, aggravates the effect; however, incorrect clas- 
sification remains the fundamental problem [22]. 

Over the last 50 years, five major published classifi- 
cation systems have endured in wide clinical practice: 


MacLeod [3,91], WHO Manual 2nd edition [83], 
WHO Manual 3rd edition [84], ASCP [105], and Strict, 
described by Menkveld [106,107] and Kruger [93,108] 
and promoted in the WHO Manual 4th edition [42]. 
Tables 33.3 and 33.4 summarize the main components 
of these five schemes in common use. Many other 
sperm classification schemes exist, usually developed 
by individual laboratories and adopted as their per- 
sonal methods. Between 10% and 25% of laboratories 
use a nonstandard system [96,109]. The practice of 
such local conventions makes comparison with other 
systems impossible, and they should not be used. 

Most classification schemes defined normal as an 
idealized sperm cell with an oval head (Fig. 33.6) and 
were validated by finding the ideal form prominently 
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Table 33.3. Normal sperm morphology from common sperm classifications 


ASCP McLeod 
Normal > 80% normal > 60% normal 
reference range forms forms 
Head 
Shape Oval Oval 
Acrosome 1/2-2/3 of head 

surface 
Size 4-5 um long 

2-3 um wide 
Vacuoles Not clear Not stated 
Midpiece 
Shape Not considered 
Size 1 um wide 5 um 

long 
Cytoplasmic Considered to be 
drople (CD) immature sperm 
Tail 
Shape Not considered 
Width 1 um at base 

0.1 um at tip 
Length 50-55 um long 


in ejaculates of men with proven fertility and relatively 
infrequently in those of infertile men [1,4,5]. Others 
attempted to find a consensus definition of normal 
sperm shape by surveying multiple experts [95]. A 
newer approach defined normal based on a reference 
population ofsperm found in cervical mucus [106,107]. 
Examples of basic sperm morphology are shown in 
Figure 33.7. Much of the classification difficulty and 
controversy arises over just how perfect a sperm must 
be to be considered normal. In actual practice, smear- 
ing, fixation, air-drying, and staining can induce arti- 
facts that must be identified and distinguished from 
the sperm cell’s natural morphology. 

Compounding the problem, individual observers 
or laboratories often develop variations on a scheme, 
and frequently do not identify the classification 
method used, making comparison of results obtained 
in different laboratories impossible. Surveys show 
that 25-50% of PT participants do not know what 


WHO 2nd 
edition 


> 50% normal 
forms 


Oval 

> 1/3 of head 
surface 

3-5 um long 
2-3 um wide 
(width = 1/2-2/3 
length) 


Straight, regular 
outline Axially 
attached 


< 1/3 head width, 


7-8 um long 


Slender, uncoiled, 


regular outline 


> 45 um long 


WHO 3rd 
edition 

> 30% normal 
forms 


Oval 


40-70% of head 
surface 


4-5.5 um long 
2.5-3.5 um wide 
(length/width = 
1.5-1.75) 


< 20% of head 
area 


Straight, regular 
outline Axially 
attached 


< 1/3 head width, 


7-8 um long 


< 1/3 head area 


Slender, uncoiled, 


regular outline 


> 45 um long 


Strict /WHO 4th 
edition 


> 14% normal forms 


Oval Smooth border 


40-70% of head 
surface 


3-5 um long 
2-3 um wide 


Up to 4 


Slender, straight, 
regular outline Axially 
attached 


<1 um wide length = 
1.5 x head length 


< 1/2 head area 


Uniform size, uncoiled 


Thinner than 
midpiece 


10 x head length 


classification they use, how it was derived, or how 
to reference it [96,101,102]. In a recent unpublished 
survey by the authors, one-third of the proficiency 
challenge participants and one-fifth of the attendees 
in a morphology training class were using the wrong 
atlas for their system, leading to incorrect classifica- 
tion (Table 33.5). One atlas is available that compares 
classification schemes and lists appropriate references 
[97]. 

The classification systems most commonly used 
in fertility laboratories, the WHO 3rd edition scheme 
and the strict criteria (adopted in the WHO 4th edi- 
tion), rarely are used in general hospital and reference 
laboratories and are not taught in most medical tech- 
nology or pathology programs. This dichotomy cre- 
ates problems of appropriate referral, since there are 
many more initial semen analyses performed in gen- 
eral laboratories than in fertility centers. However, lit- 
tle consensus about what a normal sperm looks like 
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Table 33.4. Abnormal sperm morphology from common sperm classifications 


ASCP McLeod WHO 2nd WHO 3rd Strict / WHO 4th edition 
edition edition 
Head 
Acrosomal abnormality Megaloform Large Large Borderline abnormal: 
Postacrosomal Small form Small Small slight deviation from oval 
abnormality Tapering Tapering Tapering Abnormal: 
Bicephalic Amorphous Amorphous Amorphous acrosome < 40% or > 70% of 
Paired Double Double Double head area 
Large head Pyriform Pyriform round head 
Smelled Pin Pin small head 
Vacuolated Round Round ape ler 
double head 
Vacuolated arge head 
diadem defect (vacuoles) 
Midpiece 
Abnormal size Abnormal size Abnormal size Borderline abnormal: 
Thickened Thickened Thickened slightly thick 
Bent tail Bent tail Bent tail Abnormal: 
Missing tail Missing tail Missing tail abnormal length 
CD present Cd present Cd present MSY thick 
bent tail 
missing tail 
CD present 
Tail 
Coiled tail Multiple tails Multiple tails Abnormal: all tail defects 
Curled tail Short tail Short tail 
Multi-tailed Broken tail Broken tail 
Variation in length Hairpin Hairpin 
Terminal droplet Coiled tail Coiled tail 
Irregular width Irregular width 
Terminal droplet Terminal droplet 
Fig. 33.7. Examples of normal and 
1@ 3 abnormal sperm: (1) normal sperm; (2) nor- 
A X mal sperm; (3) borderline abnormal head 
(normal for WHO 3rd, abnormal for strict/ 
2 e 4 WHO 4th); (4) abnormal head (small, small 
9 acrosome, irregular), normal midpiece and 


is evident even among sperm morphology experts, 
judging from the results of the American Association 
of Bioanalysis Proficiency Testing Service (AAB-PTS), 
in which the majority of participants were fertility lab- 
oratories [101]. 

The evolution of the major classification systems 
begins with John MacLeod. In the 1950s, he organized 
the descriptions of previous observers into a method 
and nomenclature for classifying sperm based on head 


tail; (5) abnormal midpiece (thick), normal 
head and tail; (5) abnormal tail (coiled), 
Q normal head and midpiece. See color plate 
Í section. 


shapes [91,92]. Normal was defined as an oval head, 
and abnormal forms were classified into five categories 
by their geometric shape. MacLeod correlated mor- 
phologic findings with fertility of many men [4]. The 
MacLeod system was widely promulgated and remains 
the basis for sperm morphology classification in most 
general pathology laboratories. Its utility is limited by 
several conventions: only head defects are categorized, 
which can result in classification of sperm as normal in 
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Table 33.5. Classification system and atlas discordance: 
results from a survey of participants in a proficiency challenge 
and a morphology training class 


Group Inappropriate No reference 
atlas atlas 

Proficiency test 32% 6% 

Morphology class 19% 28% 


spite of significant defects of midpiece or tail; only one 
defect is assigned per sperm, which can mask the pres- 
ence of other significant abnormalities; and normal is 
defined very generously at 60-80%. 

The World Health Organization (WHO) pub- 
lished four editions of a manual on semen analysis in 
1980, 1987, 1992, and 1999. Each edition of the WHO 
manual has discussed guidelines for morphology cat- 
egorization and provided some photographs illustrat- 
ing various sperm shapes. In the 1st and 2nd editions 
[82,83], classification was described in a manner very 
similar to MacLeod’s, where each sperm was assigned a 
single defect. Midpiece and tail defects also were added 
as category possibilities in a hierarchical way, with 
head abnormalities taking precedence over midpiece 
over tail defects. 

In the 3rd edition [84], the approach to classifica- 
tion changed. Instead of assigning each sperm a sin- 
gle defect, the manual recommended tallying defects 
in each of the three main regions of the sperm, head, 
midpiece, and tail, and calculating the total number 
of defects as a percentage of abnormal, giving a more 
comprehensive description of abnormalities present. 
However, the manual is contradictory about how com- 
plete the abnormality description should be, in one 
section recommending the specific defects listed in 
previous editions and in another suggesting that abnor- 
malities simply be grouped by region of the sperm as 
unspecified defects of head, midpiece, or tail. 

The inability of the expert editorial panel to agree 
on how to classify normal sperm is obvious upon read- 
ing the manual text. The manual states that the assign- 
ment of normal should be strict, but does not state how 
“strictness” should be determined. The percent normal 
expected in a fertile individual is listed as greater than 
30%, a decrease of 20% from the previous edition, but 
how the value was derived is unclear. Panel members 
candidly acknowledge that consensus was difficult to 
reach, and the compromise was ambiguity [23]. 

The 4th edition of the WHO manual [42] attempted 
to resolve these problems by declaring that the Strict 


classification developed by Menkveld and Kruger 
should be used (see below). Many clinicians believe 
that this recommendation is not appropriate, and that 
such strict interpretation of the image is not justified 
except in the setting of IVE, where investigators have 
shown predictive value [93,110]. In fact, the 4th edition 
of the WHO manual does not cite any references show- 
ing that the Strict system has value outside of IVF treat- 
ments. As in previous editions, the few images in the 
text give insufficient information or rationale to learn 
classification. The manual introduces a slight variation 
on the typical Strict classification, which reports per- 
cent normal only, by stating that defects in the func- 
tional regions (head, midpiece, and tail) should be 
categorized generally, and prevalent defects should be 
noted. However, unless the technologist identifies all 
defects as the analysis progresses, it is impossible to 
know if a defect is truly prevalent. 

In 1989, the American Society of Clinical 
Pathologists (ASCP) published an atlas authored by 
Adelman and Cahill [105]. Unlike most other schemes, 
the ASCP classifies head defects not by geometric 
shape, but by the anatomic location of the defect, a 
rational and useful classification method. For example, 
a sperm that has no acrosome is classified as an acro- 
somal defect, where other schemes would call it round. 
It is unfortunate that this useful method of classifying 
sperm defects is rarely used. However, when surveyed, 
many technologists think they are using this scheme 
when in fact they are using the MacLeod system [96], 
probably because so many have ASCP Board certifica- 
tion. The major problem of the ASCP scheme is the 
definition of normal at 80-90%, which limits adequate 
discrimination from abnormal. 

Leading a group of South African investigators, 
Roelof Menkveld approached classification in a differ- 
ent way from previous observers [106,107]. Reasoning 
that most sperm present in upper endocervical canal 
mucus after coitus were biologically selected for nor- 
mality, they found a remarkably homogeneous popula- 
tion of oval-headed sperm in postcoital mucus. Using 
this very specific and morphologically similar group of 
sperm as a reference population, they defined normal 
very critically and strictly. Rather than identify spe- 
cific abnormalities, they classified sperm as normal or 
abnormal. A third typology, borderline normal, was 
added as an intermediate class but eliminated later. 
The WHO 3rd-edition system classifies borderline as 
normal. Biological relevance and normal values were 
determined by comparison with oocyte fertilization in 
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vitro [93]. For this reason, many IVF clinics and fer- 
tility specialists use the Strict classification scheme, 
although the predictive value for non-IVF fertility 
treatments is not clear [111,112]. Even Menkveld and 
coworkers recently reported that the best discrimina- 
tor between fertile and infertile men was the WHO 

3rd-edition classification [113]. 

The Strict classification system has been criticized 
for several problems: 

(1) a failure to recognize that the appearance of 
“normal” sperm in the semen may in fact be 
different from the strict reference population in the 
cervical mucus, or that these biological secretions 
may impact the appearance on a stained slide; 

(2) the fact that the lower limit of normal nearly 
always includes zero; 

(3) its dependence on detecting very subtle morphologic 
differences, many of which are detectable only in 
enlarged photographs of the sperm; 

(4) the tendency to become “stricter” in classification 
as time goes on until no men have a normal analysis 
[M. Gerrity, personal correspondence; 114]; 

(5) the semantic implication that “strict” is “better” 
than other methods; and 

(6) how “strict” to be. 


In a College of American Pathologists proficiency test- 
ing survey, 37 laboratories using Strict classification 
reported values ranging from 10% to 95% normal on 
one smear, and for another, 35 laboratories reported val- 
ues ranging from 3% to 100% normal [10]. Recent stud- 
ies recommend that the lower reference limit for Strict 
normal should be only 3% [113]. About the same time, 
the Kruger group published a lower reference value of 
5% [115]. Itis difficult to accept that a normal fertile man 
would have only 4-8% normal forms, or that normal 
shapes in fertile men would decrease from 14% to 3% 
in 10 years. In a recently published atlas, Kruger recom- 
mends 14% as the lower reference limit for Strict normal, 
with the range from 5% to 14% normal forms designated 
as abnormal but a “good prognosis” range [108], similar 
to recommendations in earlier publications [93]. 

A criticism of older, “non-strict” classifications is 
the tendency to overrate normal as 70-100% of the 
sperm population. The Strict classification carries 
the opposite risk of overrating abnormal. In a typical 
200-cell analysis, just one or two sperm can make a dif- 
ference between normal or abnormal. Neither extreme 
seems clinically valuable for most settings. 

Fertilityspecialistsarein widespreadagreementthat 
the WHO 3rd and the Strict/WHO 4th classifications 


Table 33.6. Simple distinctions between WHO 3rd and strict/ 
WHO 4th sperm classification methods 


WHO 3rd Strict/WHO 4th 
Reference value Over 30% normal Over 14% normal 
for normal forms forms 
Classification Normal Abnormal 
of borderline 
abnormal 
Utility of Screening Fertility treatment 


classification Fertility treatment 


are the most appropriate systems currently in common 
practice; however, experts disagree about which of the 
two is the best to use. Unfortunately, there are so many 
variations of the two schemes that learning either one 
or comparing the results is very difficult [96]. Judging 
from their individual atlases [107,108], the two main 
proponents of the Strict classification do not agree 
about what is a normal sperm. Confusion about how 
to classify sperm can be reduced by education and dis- 
cussion [94,114,116], but until a universal standard is 
available, ambiguity will exist [95]. 

A summary of the major distinctions between the 
WHO 3rd edition and the Strict/WHO 4th edition is 
shown in Table 33.6. As a general recommendation, 
laboratories that primarily perform routine semen 
analysis for non-fertility specialists, as an initial 
screening, should use the more liberal WHO 3rd edi- 
tion, where normal includes borderline formsand has 
a reference value of greater than 30%. Laboratories 
that perform analysis as part of a specialty fertility 
practice should use either the WHO 3rd or the Strict/ 
WHO 4th classification, or both. 

MacLeod wrote in 1951, “There are as many differ- 
ent interpretations of morphology as there are authors, 
without general agreement as to the various cell types 
which constitute abnormal forms ... a cell considered 
‘abnormal’ by one is not always classified as such by 
another” [4]. Almost 60 years later this statement is 
still true. 


Automation 


Several types of automated semen analyzers are com- 
mercially available. In general, however, automation 
of semen analysis has failed to answer the needs of the 
clinical laboratory. Current technology is either too 
expensive and difficult to use in a sophisticated androl- 
ogy laboratory or busy hematology laboratory, where 
most semen analysis is performed, or is not sufficiently 
robust to be useful. 
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The oldest, most reliable technology is computer- 
assisted semen analysis (CASA), which has been exten- 
sively investigated over the last 25 years [104,117-120] 
and recently reviewed [121]. 

CASA instruments digitize the video image of 
some portion of the sperm, usually the head or its 
outline, and track its movement over many video 
frames. Proprietary algorithms analyze the tracks 
and calculate motile and nonmotile sperm, and many 
sperm kinematic functions such as straight-line and 
curvilinear velocity. Kinematic measures have value 
in treatment outcome prediction [118,122]. Several 
automated programs for sperm morphology have 
been developed by CASA manufacturers, and these 
have the potential to reduce analytic variability by 
standardizing instruments to a set of images, if an 
expert panel could agree on the classifications [121]. 
At the present time, the analysis time and reliability of 
CASA morphology is not acceptable for routine labo- 
ratory use [124]. 

Unfortunately, the purchase price and steep oper- 
ational learning curve of CASA instruments make 
them impractical and cost-prohibitive in most clini- 
cal laboratory settings. Reviewers estimate that less 
than 2% of clinical laboratories and less than 20% of 
andrology laboratories use CASA [64,121]. However, 
CASA has proven valuable in toxicology, primarily by 
increasing the sensitivity of detecting changes in sperm 
kinematics or sperm morphometry associated with 
potential toxicants [12,124-129]. 

Instrumentation based on optical density is in the 
marketplace as well. The family of SQA instruments 
use signal processing to measure sperm concentration 
and motility indirectly using photoelectric detection 
of light absorption and optical density fluctuations 
caused by motility. Semen is loaded into a proprietary 
testing capillary for analysis. To measure concentra- 
tion, the instrument compares the difference between 
the amount of light absorbed by sperm and the amount 
absorbed by seminal plasma. Motility is measured by 
disturbances or interruptions in light [130]. Various 
algorithms convert the signals either to a sperm motil- 
ity index of general semen quality or, in newer versions, 
into traditional sperm measures. Although slightly less 
expensive than CASA instruments, the cost of supplies, 
especially quality control, increases operating expense 
to a very high level. 

Only a few reports exist that compare the technol- 
ogy to manual methods [131,132], suggesting that 
unpublished anecdotal reports of the technology’s 
lack of reliability in both accuracy and operation may 


represent the wider experience. If this technology were 
widely adopted and validated, one would expect to see 
the andrology field flooded with publications, just as it 
was in the early CASA years. 

Several operational factors limit the value of the 
SQA technology. The use of optical density to meas- 
ure concentration of sperm poses several technical 
problems. Spectrophotometry best measures color in 
solutions, not opacity from cell suspensions [76]. It 
also requires a relatively large volume (~1 mL) for sam- 
ple loading into a proprietary testing capillary [130]. 
Low-volume or high-consistency samples cannot be 
used, and in settings of insemination or IVF therapy 
too much semen will be used for analysis to make the 
technology usable in this application. The high vol- 
ume requirement also greatly increases the cost of QC 
to a prohibitive level. The technology requires motile 
sperm to generate a result, so that settings and channels 
for quality control and patient samples are different. 
Although the instrument can detect beads in the QC 
channel without difficulty, it cannot measure them in 
the patient sample channel, suggesting that the chan- 
nels use different optical density settings. This is also 
suggested by the appearance of a new service param- 
eter used to calibrate the instrument to read latex beads 
accurately, which apparently amplifies the optical den- 
sity. The fact that measurement of stabilized sperm QC 
is nonlinear with the factory settings could present a 
problem in analyzing proficiency test samples, since all 
programs are based on stabilized sperm. Sperm mor- 
phology is calculated from a look-up reference table 
that assumes the sperm motility and morphology are 
correlated, an assumption that is neither functionally 
correct [133] nor valid [134]. As a consequence, as the 
number of motile sperm declines in the sample over 
time, the instrument falsely underreports the number 
of morphologically normal sperm. Thus morphology 
studies should still be performed manually, reducing 
the cost-benefit ratio even further. Because no spe- 
cific defects are described, utility for toxicology is lim- 
ited. A visualization screen allows viewing of samples 
or smears, albeit poorly, but the instrument cannot 
analyze smears directly or accept video feed, limit- 
ing the ability to analyze existing QC or PT for these 
parameters. 

Automation would solve many problems of stand- 
ardization. Since few semen analyses are performed in 
most settings, manufacturers of laboratory equipment 
have not been convinced that sales will justify develop- 
ment expense and have not been motivated to solve the 
problem of automation. Keeping in mind that semen 


563 


564 


Chapter 33: Semen analysis 


Table 33.7. Reference values established by the World Health Organization 


Volume (mL) Concentration Total sperm % Motility %Normal Edition, year Reference 
(million/mL) count forms 

N/A 20 N/A 60 48 Ist, 1980 [82] 

2 20 40 50 50 2nd, 1987 [83] 

2 20 40 50 30 3rd, 1992 [84] 

2 20 40 50 15 4th, 1999 [42] 


analysis is a set of very different tests, it is difficult to 
create technology that can satisfy all parameters. At this 
time, semen analysis remains predominately a manual 
test. 


Reference ranges for semen 
parameters 


The value of semen analysis as a predictor of male fer- 
tility has been debated [77,135]. In part, this is due 
to an unrealistic expectation that traditional semen 
analysis describes absolute criteria for fertility, when in 
fact many functional variables exist that are not meas- 
ured by the test (e.g., capacitation, egg penetration). 
Furthermore, large fertility trials that can be performed 
in animals, where semen from a single animal can be 
used to inseminate many females, are not possible in 
humans [136,137]. Thus, the influence of the female 
partner in human fertility plays a huge confounding 
role in both defining fertility and interpreting the 
association of specific semen analysis measures with 
fertility [138,139]. An additional problem is the lack 
of quality control benchmarks in many studies, as well 
as the ambiguity of methodology, especially for sperm 
motility and morphology. 

About the best that can be expected is an emer- 
gence of predictive patterns from large studies 
associating specific sperm factors with probability 
of fertility. From these, reference ranges can be cal- 
culated, but they will suffer the same limitations 
described above. The earliest comprehensive and 
well-controlled studies that identified and control- 
led many variables were described in the early 1950s 
by John MacLeod and statistician Ruth Gold [4,140- 
149]. Their series of publications still forms the basis 
for clinical reference values in semen analysis. The 
papers described a data analysis problem confirmed 
over the years, that semen variables are distributed 
in a non-Gaussian manner, because of marked right 
skewing [150,151]. The lower 95% confidence limits 
usually give biologically meaningless negative values, 


the mean is very different from the median, and this 
makes distinction between group means very difficult 
[151]. Furthermore, varying definitions of fertility as 
well as subject age considerations confound compari- 
son of studies [152]. As a consequence of all these fac- 
tors, the reference values for semen analysis are not 
as clear as needed. 

MacLeod’s research found the greatest difference 
between the fertile and infertile populations of 1800 
men at the lowest concentration of 20 million sperm 
per milliliter or the lowest total sperm count of 50 mil- 
lion [141]. Unfortunately, he and most authors subse- 
quently ignored the total sperm count number, and 
concentration became the unit of measurement most 
often cited. The lower limit of normal remains 20 mil- 
lion sperm/mL in most laboratories and in the latest 
WHO manual [42,102]. Values currently cited by the 
WHO are shown in Table 33.7. It cannot be overem- 
phasized that although this “cutoff” implies a lower 
threshold concept for male fertility, it merely indicates 
a level below which probability of pregnancy is less 
[153]. Many men father children without therapy in 
spite of having sperm counts, morphology, or motility 
well below lower reference limits. 

Reference ranges for hematology and clinical 
chemistry are commonly set with upper and lower 
limits for a 95% confidence interval, so that the lower 
limit is the 2.5th percentile and the upper limit, the 
97.5th percentile [154]. However, since pathology has 
not been linked to good sperm quality, upper limits for 
parameters such as sperm count, motility, viability, or 
morphology are probably unnecessary. As shown in 
Table 33.8, many studies define a lower reference limit 
anywhere from the 2.5 to the15th percentile, but limits 
described by MacLeod and Gold continue to be vali- 
dated [2,4,113,115,155-162]. 

In spite of the data available, a wide variety of ref- 
erence ranges are used by laboratories that perform 
semen analysis, many of them far outside of the limits 
generally accepted as valid [102]. 


Table 33.8. Lower reference limits for semen parameters based on surveys of fertile, infertile, or healthy populations 


Method 


Test 
Population 


Infer 


NR, 
a | 


ile men 
ile men 
ile men 
ile men 
ile men 
ile men 
ile men 
ile men 
ile men 
ile men 
ile men 
ile men 


ile men 


hy men 
hy men 


hy men 


ile men 


ot reported. 


culated from data in manuscript (volume x concentration) 


n 


99 
49 
315 
99 
287 
1081 
99 
210 
210 
1081 
243 
696 
1958 


1191 
562 
162 


705 


anua 
anua 
CASA 

anua 
anua 
anua 
anua 
anua 
anua 
anua 
anua 
anua 


anua 


anua 


anua 


anua 


anua 


Percentile 


25 
NR 


15 


NR 


Volume 
(mL) 


NR 


Total 
sperm 
count 
(million) 
154 


30)" 


Concentration 
(million/mL) 


% 
Motility 


29 
20 
14 
33 
18 
50 
43 
30 
30 
28 
46 
63 
40 


67 
45 
52 


32 


% 
Normal 
forms 


Classification 


Strict 

WHO 2nd 
R 
ric 


ric 


acLeod 


WHO 3rd 
WHO 3rd 


MacLeod/ 
Eliasson 


Strict 


Publication 
year 


2006 
1988 
2002 
2006 
1997 
2002 
2006 
2001 
2001 
1997 
1998 
2001 
1951 


2007 
2002 
2001 


2001 


Study 
location 


Norway 
UK 
Denmark 
Norway 
Belgium 
Europe 
orway 
etherlands 
etherlands 
Belgium 
Singapore 
USA 
USA 


China 
China 
Turkey 


USA 


Ref 


565 


566 
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Benchmarks for semen analysis: 
training, quality control, proficiency, 
and competency testing 


Formal semen analysis training is rare, and without 
adequate education it is very difficult to feel confident 
about clinical test results [22]. Training is especially 
critical for semen analysis when technical skill and 
judgment are not assisted by automation. Training can 
improve analytic skill, as demonstrated in a series of 
courses offered by ESHRE-SIGA between 1994 and 
1999 when notable improvement in testing ability was 
evident by the end of the course [163]. Other studies 
have also documented improved performance after a 
standardized training course, demonstrating the value 
of such training [164-166]. Some professional societies 
offer instruction, but many laboratories do not have 
budgets for training, especially when travel is involved. 
However, self-paced training courses [17,99] and 
video [80] are available for the laboratory that wants to 
improve the technical skills of its staff. 

The use of quality control (QC) is a requirement 
for any good laboratory assay. To ensure its use, 
many countries and states have specific regulations 
for QC in semen analysis. In the USA, semen analysis 
is categorized as a high-complexity test requiring two 
levels of quality controls on each day of patient test- 
ing [167,168]. This not only documents the ability to 
perform the test correctly, but also gives the technolo- 
gist confidence in the results of the test [165,166,169]. 
Without the benchmark that QC provides, knowing 
whether a test has been performed properly is very dif- 
ficult [170]. Properly designed QC demonstrates both 
accuracy (obtaining the correct result) and precision 
(obtaining the same result multiple times). In a 2002 
survey, 67% of laboratories did not perform any QC for 
semen analysis [102]. 

A quality control for sperm count is like that for 
any other test, one that can be analyzed in any counting 
chamber or semen analyzer in the same way as a patient 
sample. In order to truly mimic a clinical test material, 
the quality control must resemble the sample being 
analyzed. No surrogate materials come close to look- 
ing as complex as sperm cells in semen (Fig. 33.8). 
Sperm are oval and have tails that often overlap or coil 
around the head, changing the appearance and making 
them harder to differentiate from nonsperm cells. Semen 
contains debris, immature germ cells, leukocytes, and 
other non-sperm cells, some of which can be confused 
with sperm. Although latex beads have been promoted 


Fig. 33.8. Human sperm QC suspension vs. beads: (a) human 
sperm patient sample; (b) stabilized human sperm QC; (c) latex 
beads. 


as a control for sperm count [171], beads are really not 
a valid control [76,172]. Sphere suspensions are a differ- 
ent shape and easy to count since there are no tails or 
other particles present to cause visual confusion. A sus- 
pension of human sperm is the only valid quality control 
for sperm count. Beads do have a role in calibration of 
counting chambers as long as the Segre-Silberberg effect 
on particle distribution is taken into account [71,173]. 

Sperm motility quality controls are available in two 
formats: frozen aliquots of semen or video recordings 
on CD-ROM, tape, or digital file. The frozen aliquots 
allow the controls to be analyzed in a counting cham- 
ber, but due to the variation in sperm cell death dur- 
ing thawing, the motility of frozen-thawed sperm 
is highly variable [174]. The fact that these controls 
must be stored in liquid nitrogen greatly adds both 
to the expense of the product and to the necessity for 
increased safety practices for dealing with the ultra- 
low-temperature materials. 

Video recordings, although they lack the direct 
handling aspects of a semen sample, are easy to use, 
inexpensive, and reproducible. Generally, the only 
equipment needed is a computer and a tally counter. 
When images of both fresh and immobilized aliquots 
of a sample are provided, video-based quality controls 
can be used as a surrogate for any manual method of 
motility analysis. Many CASA instruments can accept 
video feed but may require certain formats [175]. 

Semen smears stained with the appropriate stain 
can be used for sperm viability or sperm morphol- 
ogy quality controls. QC smears for sperm morphol- 
ogy must be assayed for the classification system being 
used. Most of the morphology quality controls com- 
mercially available are assayed for WHO 3rd and Strict/ 
WHO 4th classifications. QC for the Strict/WHO 4th 
scheme is especially important, as viewers tend to get 
stricter with time, often until no normal sperm can be 
identified [M. Gerrity, personal correspondence; 114]. 
Assayed ranges for the older classification systems, 
such as ASCP, McLeod, and WHO 2nd edition, are not 
provided with any commercial controls. Facilities that 
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use these classification systems must establish con- 
trol ranges by analyzing the control smears at least 20 
times [176,177]. Switching to a modern system prob- 
ably is more cost-effective and makes more sense, as 
it allows results to be compared with known stand- 
ards. Morphology quality control smears are usually 
stained, but unstained smears from an assayed lot can 
be obtained from some manufacturers to stain using 
the laboratory’s individual procedures. 

External quality control, or proficiency testing 
(PT) as it is called in the USA, is an important way for 
a laboratory to see how its results compare with those 
of a peer group of other laboratories. Unlike QC sup- 
plies, PT uses materials with unknown assay values. 
Laboratory results are stratified by method (type of 
counting chamber, stain, classification scheme, etc.) 
and the mean of each group calculated. Results outside 
of 95% confidence limits (two standard deviations) or 
in some programs a fixed interval, are considered unac- 
ceptable. Note that the peer group results determine 
the mean, not the reference value as with internal QC. 
In the USA, laboratories must participate in PT twice a 
year [167,168], and a number of providers offer appro- 
priate PT materials. Laboratories that use automated 
analysis for any part of semen analysis must be able 
to analyze PT materials on the same equipment. If PT 
materials can only be analyzed manually, the patient 
testing must also be performed manually or referenced 
daily to manual results of known QC. 

PT for semen analysis identifies many of the analytic 
problems discussed earlier. For example, morphology 
PT results often show a range of normal from 0-100% 
[96]. Early semen analysis PT showed a high level of 
disagreementamong participants, with reported sperm 
concentrations ranging from 3 x 10° mL to 492 x 10°/ 
mL from one sample, and 2 x 10°/mL to 147 x 10°/mL 
from another [101]. Ranges of results appear to be nar- 
rowing as laboratories use the data to identify their 
need to improve testing. 

PT can be valuable for indicating areas where more 
training is needed, or where procedures should be 
updated and improved [100]. At its best, PT serves an 
important educational purpose, by providing interpre- 
tation of data and resources for improving procedures 
[178], for example, newly available virtual PT chal- 
lenges for motility and morphology. 

Annual competency testing of technologists should 
be part of a laboratory quality program and is required 
in the USA by Clinical Laboratory Improvement 
Amendments (CLIA) [168]. PT participation can be 


used as part of competency testing, to show how a 
technologist performs compared to peers. Additional 
competency testing must include direct observation of 
test performance by a technical supervisor and review 
of intermediate test results, QC records, proficiency 
testing results, and preventive maintenance records, 
as well as assessment of problem-solving skills, usu- 
ally by written examination or quizzes on important 
aspects of semen analysis. Some training programs 
include cognitive testing [80]. Commercial products 
are available for documenting training and compe- 
tency [17,33,99]. 
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Introduction 


Traditionally, a sperm is defined as “normal” by its 
overall shape and size relative to those of the other 
spermatozoa in the ejaculate. Such an evaluation is in 
large part due to the human eye’s appreciation of uni- 
formity and symmetry. 

Despite this convention, however, the majority of 
sperm in an ejaculate are neither uniform nor symmet- 
rical, instead displaying tremendous variation in shape 
and size to the point of being classified as “abnormal.” 
To further complicate matters, sperm take on many 
transitional shapes and sizes, making the identification 
of “normal” sperm morphology difficult. The inabil- 
ity to prove definitely that the fertilization potential 
of such transitional types is impaired exacerbates the 
confusion. 

Determination of the structure of the sperm is an 
important part of the routine semen analysis. Sperm 
morphology has been proven to be the single most 
important seminal parameter with regard to pre- 
dicting fertilization rate and pregnancy outcome in 
assisted reproduction [1-3]. The percentage of sperm 
with normal structure of the head and tail can assist 
the physician in determining a treatment regimen 
for the infertile couple. Normal sperm morphology 
by strict criteria has also been shown to be positively 
correlated with the sperm zona-induced acrosome 
reaction [4], tight sperm-zona pellucida binding [5], 
and ability to penetrate cervical mucus [6], and to 
be negatively correlated with leukocytospermia [7]. 
Guzick et al. demonstrated that the percentage of nor- 
mal sperm had greater power to discriminate between 
fertile and infertile men than did sperm concentration 
and motility [8]. They suggest that threshold values for 
morphology, concentration, and motility can be used 
to classify men as subfertile, indeterminate, or fer- 
tile, but none is diagnostic of infertility. On the other 
hand, Nallella et al. reported that sperm motility and 


Strict criteria for sperm 


concentration provide more accurate information 
than sperm morphology, since half of the fertile men 
that were examined had abnormal morphology [9]. 

Sperm morphology classification schemes range 
from the traditional methods of McLeod and Eliasson 
[10-14] to the American Society for Clinical Pathology 
method (ASCP) [15] and guidelines from earlier edi- 
tions from the World Health Organization (WHO) 
[16,17]. The strict criteria methods include those 
described in the most recent edition of the WHO man- 
ual [18], and the Tygerberg (or Kruger) Strict method 
[1,19]. In a recent survey of 536 laboratories enrolled 
in the American Association of Bioanalysts Andrology 
Proficiency Testing Program, more than 20 different cri- 
teria were reported as being used, with the strict method 
the most common (30% of laboratories), followed by 
the WHO method (23%) and the ASCP method (10%) 
[20]. Interestingly, this survey also showed that at least 
28% of respondents did not indicate the morphology 
criteria used in their labs, and only 60% indicated the 
method on the semen analysis report. Furthermore, the 
cutoff for the normal range varied widely, from > 5% to 
> 80% [21]. The cutoff value for normal in each of the 
methods was also decidedly different: 60%, 30%, and 
14% respectively for ASCP, WHO, and strict methods. 

Regardless of the method a laboratory might 
choose for determining sperm morphology, it is 
essential that the method be standardized within the 
laboratory, and that strict quality control measures 
be employed [14], including proficiency testing (PT) 
[20,21]. Lack of adherence to accepted standards and 
widely different interpretations of sperm structure are 
prevalent and have led to the inability of physicians to 
compare results between different laboratories [20- 
24]. With continued participation in PT programs, it 
is hoped that there will be decreased interlaboratory 
variation and a marked improvement in overall labora- 
tory analysis of sperm morphology [21]. 
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Preparation of morphology slides 


In theory, preparation of slides for morphology ana- 
lysis is quite simple. In practice, however, the lack of 
performance standardization makes it difficult if not 
impossible to compare sperm morphologies within 
and between laboratories [20,21]. One way to control 
for some variation is a consistent and standardized 
protocol for slide preparation. 

Slides are simply prepared by applying 5-20 uL of 
raw semen or washed sperm toa pre-cleaned glass slide. 
Pre-cleaning the slide with an ethanol wipe insures that 
the smear will adhere to the slide. The semen drop can 
be smeared onto the slide using a second slide or cover- 
slip. It is important to make a thin smear of semen to 
allow easy visualization of individual spermatozoa. 
Following air-drying, the slide can be stained using 
various cell stains. A previous WHO method allowed 
examination of unstained smears using phase-contrast 
optics [17], but this was corrected in a later approach 
[18] . Sperm morphology should never be assessed 
using an unstained or wet-prep slide. It is difficult, if 
not impossible, to determine accurate sperm morph- 
ology on an unstained preparation. 

There are several types of cell stains available for 
easy visualization of the sperm head, midpiece, and 
tail structures. The most commonly used stains are 
the Papanicolaou stain, modified for semen cytology 
by Eliasson [11], DiffQuick (Allegiance Healthcare, 
McGraw Park, IL, USA), and Stat III (MidAtlantic 
Diagnostics, Mt. Laurel, NJ, USA). The duration of the 
staining process and the quality of cell staining varies 
with each staining method. For example, a Papani- 
colaou stain may take hours, whereas a DiffQuick stain 
takes only a few minutes at most. 

Following slide fixation in methanol or formalin 
or CytoPrep (Fisher Scientific, Pittsburg, PA, USA), 
the slide is immediately stained using the method of 
choice. When a Wright-Giemsa stain is employed, the 
fixative must be removed by soaking in ethanol for 
20 minutes prior to staining [22]. Finally, the slide is 
washed in distilled water and air-dried. 

For proper assessment of sperm morphology, it 
is important that slides be prepared using a stand- 
ardized protocol. Smears should be air-dried and fixed 
within a set amount of time, usually within a few hours 
of the semen analysis. Following staining and drying 
of the slide, it is important to assess the stained sperm 
microscopically within 24 hours of slide preparation. 
With increasing time from staining to observation, 
the cells will shrink, and thus accurate determination 


of head and midpiece dimensions will be compro- 
mised. Generally, two slides are prepared for staining, 
with one slide proceeding through the staining pro- 
cess. An unstained slide can be stored and stained at 
a later date should the need arise to compare with sub- 
sequent semen analyses, or verify the stained sperm 
morphology. 


Assessment of sperm morphology 


A minimum of 100-200 spermatozoa are counted on 
the stained slide using 100x oil-immersion magnifica- 
tion. This allows clear visualization of the individual 
sperm structure. An eyepiece reticule is recommended 
for measuring the sperm head size (length and width) 
as well as the length of the sperm tail. However, with 
experience, an eyepiece reticule may not be necessary. 
Depending on the custom of the referring physicians, 
the andrology laboratory provides percent normal and 
percent abnormal, and may classify the abnormalities 
into the types of structural defects. With the strict clas- 
sification method for assessing sperm morphology, a 
percent normal and abnormal is determined. Using 
other methods, such as WHO 2nd, 3rd, 4th edition 
[16-18] the percent abnormal may be further divided 
into head, tail, and midpiece defects. If one particular 
defect is more prevalent, a comment to that effect can 
be made in the report. 

When a stained slide is assessed, only sperm with 
a recognizable tail are counted in the morphology 
tally. Tail-less sperm are not counted in the morphol- 
ogy assessment, since removal of the tail most likely 
occurred during slide preparation. Immature sperm 
forms, such as spermatocytes and spermatids, are 
not counted as part of the total percent abnormal. 
However, if increased numbers of round cells are 
seen, the trained technician can quantify the imma- 
ture forms as compared with other round cells, such 
as lymphocytes, and other white blood cells [14]. 
This can provide useful information to the physician. 
Furthermore, it is important to insure that the pres- 
ence of coiled tails is not due to hypo-osmotic stress. 
If increased numbers of coiled tails are seen, a wet- 
mount smear should be observed under phase-con- 
trast microscopy. 


Strict criteria for morphology assessment 

Table 34.1 compares the strict and WHO classification 
methods. In most instances, an abnormal spermato- 
zoon is obvious. It is the borderline structural varia- 
tions, such as head or tail size and acrosome size, that 
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Table 34.1. Comparison of WHO and strict criteria for assessment of sperm morphology. 


WHO (2nd edition) [16] WHO (3rd edition) [17] Strict criteria [1,13,18,23] 
Head Regular oval Smooth oval Smooth and perfect oval 
Length 3-5 um, width Length 4-5 um, width 4-6 um x 2.4-3.5 um 
2-3 um 2.5-3.5 um Well-defined acrosome (40-70% of sperm 
Acrosome > 1/3 size of head Acrosome 40-70% of head head) 
Midpiece Straight, regular Slender, regular o midpiece defects 
Width < 1 um, length 5-7 um Width < 1 um, Slender, regular 
length 1.5 x head size Width < 1 um, length 1.5 x head size 
Tail Slender, uncoiled Slender, uncoiled o tail defects 
45 um long 45 um long Uniform size, 10 x head length, 45 um long 
Cytoplasmic droplets < Y2 the head size < “size of the head o cytoplasmic droplets > 2 size of the 
head 
Vacuoles Not stated < 20% of head Up to4 
General Ifin doubt = normal Borderline = abnormal Borderline = abnormal 


can stump the andrologist. Utilizing the strict method, 
a spermatozoon that might be considered “borderline” 
would be classified as abnormal [18,23], whereas with 
other methods, particularly the WHO [16,17] and 
Eliasson methods [11-14], the “borderline” spermato- 
zoa would be classified as normal. Utilizing strict cri- 
teria, a sperm is defined as normal if its conformation 
agrees exactly with four strict criteria. Normal sperm- 
atozoa are identified as those with no recognizable 
defects that might affect their function; an ideal 
spermatozoon is expected to have a normal function 
[14,23]. All sperm not conforming to the strict cri- 
teria are classified as abnormal [14]. 

When strict criteria are used, a normal spermato- 
zoon is characterized by a smooth oval head, 4.0-6.0 
um in length and 2.4-3.5 um in width (Table 34.1) 
[1,13,14,18]. The acrosome must be well defined, cov- 
ering 40-70% of the sperm head. There must be no 
midpiece or tail defects. Lastly, there should be no cyto- 
plasmic droplets greater than half the size of the sperm 
head. With these criteria, it is obvious that a well fixed 
and stained slide is essential for accurate determin- 
ation of normal sperm. 


Attempt at a differential evaluation 


Clear-cut distinctions between “normal” and “abnor- 
mal” sperm morphology have not been established, 
and since the majority of sperm in an ejaculate have 
been found to be abnormal, attempts initially were 
made to identify the cause for the abnormality [24-27]. 
Researchers probably hoped that once the etiology was 
identified, therapies could be implemented. 


For example, a high percentage of abnormal sperm 
may be associated with varicocele, whereby allergic 
reactions may cause an increase in amorphous forms 
and sperm precursors. Any debilitating illness, or 
exposure to certain drugs that affect spermatogen- 
esis (e.g., nitrofurans), may also produce an increase 
in the number of abnormal sperm [28]. The percent- 
age of abnormal sperm forms has also been observed 
to increase under physical or psychological stress, as 
in chronic hashish users [29] and men exposed to heat 
[30]. The presence of a high number of sperm with 
cytoplasmic droplets may indicate that inadequate 
sperm maturation has occurred, thereby suggesting a 
type of epididymal pathology. 

The diagnosis of a particular pathologic condition 
through the evaluation of specific sperm abnormalities 
is only possible, however, when such abnormalities 
occur frequently and in relatively high concentration. 
But as interest in male infertility and the use of advan- 
ced diagnostic techniques increased, the differential 
evaluation of sperm morphology lost its usefulness. 


The link between sperm morphology 
and fertility 


As sperm morphology assays were discarded, however, 
other facts suggested that normal morphology is essen- 
tial for sperm to reach the fertilization site. Specifically, 
homogeneous sperm populations with normal morph- 
ology are found in the endocervical mucus, in contrast 
to heterogeneous sperm populations found in the 
ejaculate and in the lower part of the endocervical 
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Table 34.2. Prognostic value of strict morphology 
analysis [1,19] 


< 4% Normal 
4% — 14% Normal 


> 14% Normal 


Severely impaired sperm 
Questionably impaired sperm 


Potentially normal sperm 


canal [31]. However, the percentage of abnormal sperm 
found in the cervical mucus is high enough to invali- 
date this thinking [14]. A higher percentage of morpho- 
logically normal than abnormal spermatozoa are 
found bound to the zona pellucida [32-35]. 

The creation of “strict criteria” to describe an ideal 
“normal” was therefore based on the morphology of 
postcoital spermatozoa found in the endocervical 
mucus [23]. This criterion was founded on the logic that 
if normal sperm morphology is necessary for sperm 
to reach the fertilization site, then normal sperm 
morphology is de facto essential for fertilization. 
Thus, by defining normal sperm morphology with very 
strict criteria, a number of publications seem to suggest 
an association between normal sperm morphology and 
fertility, but this association remains controversial. 


Sperm morphology and IVF 

The clinical value of strict morphology as a prognostic 
toolin IVF was initially reported by Kruger et al. [1]. Asa 
way to predict fertility, Kruger et al. subsequently defined 
the range of normal sperm morphology (Table 34.2) 
[19]. Anumber of publications have confirmed the posi- 
tive predictive value of strict criteria [36-47], but a num- 
ber of others contradict these findings [14,23,48-50]. 


Sperm morphology and ICSI 

Sperm morphology assessed by strict criteria, along 
with other male-factor analyses, was reported to be a 
good predictor of fertilization [51]. More specifically, 
researchers reported that in selecting sperm for use in 
ICSI, the head and midpiece must be positioned closely 
together in order for successful fertilization to occur 
[52]. Researchers also discovered, however, that no sig- 
nificant differences were apparent between the good 
and poor prognosis groups regarding their respective 
rates of fertilization, pregnancy, and implantation - 
indicating that strict morphology scores are not related 
to ICSI outcome [53]. 


Sperm morphology and IUI 
Not surprisingly, the predictive power of strict morph- 
ology in IUI is also contested. A morphological 


evaluation based on the strict criteria was discovered 
to be the best predictor of pregnancy, with higher rates 
of success in men with 14% or higher normal morph- 
ology compared to a lower score [54]. Strict morpho- 
logy was also reported to be a good predictor of TUI 
success [55-60]. Strict morphology was also reported 
to affect pregnancy rates when IUI was used [61-64]. 


Clinical relevance 
The usefulness of sperm morphology 


Although strict criteria for sperm morphology have 
been widely accepted, their usefulness remains an 
issue of contention. For example, the strict criteria 
of identifying sperm morphology as “normal” if the 
postcoital sperm in the endocervical mucus is normal 
may be imperfect: the cervical mucus is not a barrier 
for abnormal sperm, because ejaculates containing 
only sperm with no acrosomes are able to penetrate 
and migrate into the cervical mucus [65]. In add- 
ition, sperm morphology was not a reliable predictor 
in selecting sperm without chromosomal aberrations 
[66], while normal morphology was nota good indica- 
tor of genetically normal sperm [67]. 

Given this lack of objectivity and consensus in strict 
morphology, and also considering the large range of 
sperm defects as equally problematic, this type of ana- 
lysis may not be appropriate in diagnosing infertility, 
and can detract from determining which defects are 
more significant than others [68,69]. Guzick et al. have 
also determined the existence of significant overlap 
between men considered to be fertile and men con- 
sidered to be infertile, and neither sperm morphology, 
sperm concentration, nor motility was a powerful dis- 
criminator between the two groups [8]. Establishing 
high quality control standards in evaluating morph- 
ology may improve the clinical utility of morphology, 
especially after continuous technologist training and 
refresher courses [70]. 


The meaning of abnormal sperm cells 


Improved sperm morphology observed following sur- 
gical correction of varicocele [71,72], is probably the 
result of influencing spermatogenesis. The ultrastruc- 
ture of irregular sperm heads often shows acrosomal 
abnormalities [73] that appear to originate at the early 
spermatid stage [74,75]. Spermatozoa with no acrosome 
have a low concentration of phosphorus, a high content 
of zinc, and a variable amount of lysine, suggesting an 
immature nucleus [76]. The levels of FSH, LH, inhibin 
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B, and testosterone - the primary controllers of sperm- 
atogenesis - were related to lower levels of normal 
sperm morphology [77]. Similarly, low levels of nitrous 
oxide and testosterone in seminal plasma were related 
to defective sperm morphology, indicating their role in 
spermatogenesis [78]. Therefore, it appears that the 
presence of a high number of abnormal sperm cells 
probably indicates a testicular and/or epididymal 
abnormality - but not necessarily fertility problems, 
since good fertilization rates can still occur [19]. 

Sperm morphology tends to vary less than sperm 
count and sperm motility in the same male [79]. 
Morphology, count, and motility may be likened to a 
fingerprint, except when some acute process (e.g., viral 
infection or a heat experiment) produces a temporary 
change, and morphology may therefore be an indicator 
of the health of the germinal epithelium [80]. If so, the 
presence of a high number of abnormal sperm in an 
ejaculate is an indicator of yet unknown factor(s) that 
negatively influence the integrity of spermatogenesis 
without altering sperm production. 


Normal sperm morphology and fertilization 
potential 


It is important to re-emphasize that in no study was 
normal sperm morphology found to be the only pre- 
dictive semen parameter with regard to fertilization 
and pregnancy outcome. Considering the complex bio- 
logical sequences leading to these reproductive events, 
the lack of any provable relationship should be entirely 
expected. In the absence of other male or female fac- 
tors, a very high percentage of spermatozoa need 
to be abnormal before strict criteria can provide a 
definitive assessment of infertility. Specifically, more 
than 96% of the sperm in an ejaculate must be abnormal 
for the prediction of poor fertilization potential, sug- 
gesting that morphology appears to reflect spermato- 
genetic quality. If so, then more steps should be taken 
to determine how each defect might lead to infertility 
before blind acceptance that all abnormal forms imply 
abnormal function. 


Conclusions 


We must accept the fact that, despite the tests applied 
to the ejaculate, a conclusive determination of ferti- 
lization potential may remain impossible. However, 
the determination of a couple’s definitive inability 
to conceive (e.g., when almost no spermatozoa are 
ejaculated or when almost all spermatozoa are immo- 
tile and show severe morphological abnormalities) is 


possible. In accord with this concept, presently avail- 
able assays should be based on prescribed limits below 
which there exists a 95% certainty that fertilization 
cannot occur. 

As a consequence, any test result that falls above 
this “infertility cutoff” is of little or no diagnostic use 
at the present time - whether or not it falls in the “nor- 
mal” or “abnormal” morphological range. Although 
talk about “relative” fertilization capacity is tempting 
when such abnormal sperm assay values are obtained, 
such an approach is fraught with error, because fertility 
depends on numerous factors, including those related 
to the woman. Only after a sufficient number and vari- 
ety of sperm tests have been developed and validated 
can large-scale studies be performed to determine if 
a combination of all these tests (coupled with multi- 
factorial analyses) will be able to indicate the fertiliza- 
tion potential of an ejaculate. At the present time, such 
studies are premature. 

We hope that the explanation provided here will 
dispel some of the myths surrounding the clinical 
significance and application of sperm morphology 
results. A better understanding of exactly what a 
sperm morphology assessment is measuring should 
eliminate the apparent confusion between “normal” 
sperm forms and actual fertilization potential. 
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Introduction 


Following thorough evaluation of both the male and 
female partners, the physician may employ assisted 
reproductive technologies (ART) to increase the 
chances of a successful pregnancy. One rationale is 
to enhance the probability of fertilization by bring- 
ing the spermatozoa closer to the oocyte, and thus 
increasing the chance of successful gamete inter- 
action. The most appropriate choice of ART technique 
is usually based upon the quality of the spermatozoa, 
the source of the gametes, and the fertility status of 
the female partner. Intrauterine insemination (IUI) 
is often a first-line therapy, especially when the female 
has a documented normal evaluation, and the male 
presents with deficits in sperm concentration and/ 
or motility. In-vitro fertilization (IVF) and/or intra- 
cytoplasmic sperm injection (ICSI) is most commonly 
utilized when there are severe deficits in sperm param- 
eters, including questionable sperm fertility potential 
or long-standing, unexplained infertility of either male 
or female origin, or both. 

The purpose of this chapter is to discuss meth- 
ods of preparation of spermatozoa for IUI as well as 
other ART techniques. In addition, a brief discussion 
of preparation of frozen-thawed semen, surgically 
retrieved spermatozoa, and retrograde ejaculates will 
be included, although the reader is directed to specific 
chapters on semen cryopreservation (Chapter 36) and 
surgical sperm retrieval (Chapter 22) for details on 
those topics. 


Sperm transport in the female 
reproductive tract 


When mature sperm leave the epididymis and vas 
deferens, a process called emission, they are mixed 
with glandular secretions and form the ejaculate. 
These accessory gland secretions provide a vehicle for 


= Sperm processing techniques 


transport and survival of the spermatozoa during early 
stages of transport in the female reproductive tract 
[1,2]. These secretions protect the spermatozoa from 
the acidic hostile environment of the vagina, and aid 
in access of the spermatozoa to the cervix and cervical 
mucus. 

If spermatozoa are deposited in the cervical mucus 
at or around the time of ovulation, when periovulatory 
cervical mucus is receptive to the sperm, the motile 
spermatozoa migrate into the mucus and form a res- 
ervoir of sperm. These motile sperm are thought to be 
released into the uterine cavity in pulsatile fashion, with 
the sole purpose of entering the oviduct and migrating 
to the ampulla of the Fallopian tube, which is the site 
of fertilization. Of an estimated 100 million motile 
sperm deposited at the cervix, only a few hundred 
to a thousand sperm actually enter the oviduct. Only 
0.1% of sperm placed in the upper vagina can be found 
in the cervical canal after one hour [3]. Some investi- 
gators have demonstrated a reduction of 5-6 orders of 
magnitude along the reproductive tract [4]. 

The periovulatory cervical mucus not only pro- 
vides a vehicle for sperm entrance into the female 
reproductive tract but also acts as a biological filter. 
The mucus acts as a barrier to leukocytes, bacteria, and 
other contaminating agents present in the seminal fluid 
[5]. Prostaglandins and decapacitating agents also pre- 
sent in the seminal fluid are prevented from entering 
the uterine cavity as well. 

Freshly ejaculated sperm are incapable of fertiliza- 
tion and must undergo a series of changes in structure 
and chemical function, termed capacitation, which 
end in the ability of the sperm to successfully inter- 
act with and fertilize the oocyte [1,2]. Capacitation 
is a series of sperm events characterized by sperm 
hyperactive motility, which allows the sperm to 
penetrate through the cumulus cells surrounding the 
oocyte. The spermatozoa then gain the capability to 
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acrosome-react and bind to the zona pellucida of the 
oocyte through a series of biochemical and molecu- 
lar events [1,2,6,7]. In order to penetrate the oolemma, 
spermatozoa must have completed the capacitation 
process by undergoing the acrosome reaction. Whereas 
acrosome-reacted spermatozoa can bind to the zona 
pellucida and penetrate the oolemma, acrosome-intact 
spermatozoa cannot penetrate the zona pellucida and 
bind to the oolemma. 

In summary, transport of spermatozoa from the 
male to the site of fertilization in the female involves 
both active and passive transport processes from the 
seminiferous tubules through the epididymis and 
vas deferens, ejaculation into the vagina, and con- 
tact with the cervix in the female. Upon deposition in 
the female reproductive tract, the spermatozoa make 
contact with the cervical mucus, and the motile, most 
normal sperm penetrate the mucus and enter the uter- 
ine cavity. Nonmotile, nonfunctional sperm, as well as 
contaminating cells and debris, are filtered away from 
the motile sperm and prevented from entering the 
uterine cavity. Following a series of events, the sperm- 
atozoa undergo capacitation and the acrosome reac- 
tion, quickly penetrate through the oocyte vestments 
(cumulus cells), and bind to receptors in the zona 
pellucida. One capacitated, acrosome-reacted sperm 
will then bind to the oolemma and enter the cytoplasm 
of the oocyte [6]. 


Insemination of processed sperm 


The ability of spermatozoa to penetrate the cervical 
mucus and finally bind to the oocyte can be affected 
by a number of factors. These include inability of the 
spermatozoa to penetrate the cumulus oophorus, as 
well as the inability to acrosome-react and bind to the 
zona pellucida. In order to correct such presumed defi- 
cits, ART techniques such as ICSI can be employed. The 
inability of spermatozoa to successfully transport to 
the site of fertilization can be a result of decreased 
sperm concentration (oligospermia), decreased 
sperm motility (asthenospermia), increased abnor- 
mal sperm forms (teratozoospermia), inability to 
penetrate the cervical mucus, and of female fac- 
tors, including hostile cervical mucus and anatom- 
ical defects in the female tract. These factors can 
be circumvented by use of artificial insemination, 
particularly intrauterine insemination, by which 
the spermatozoa can be deposited directly into the 
uterus, closer to the site of fertilization. The intent is 
to give the sperm a “head start” in the race to the site of 


fertilization, and thus increase the chances of success- 
ful sperm-egg interaction. 

Under normal circumstances, when the ejaculate 
is deposited at the cervical os, the periovulatory cervi- 
cal mucus acts as a filter, allowing only motile sperm 
to penetrate the cervix and enter the uterine lumen. 
The cervical mucus filters away contaminating cells, 
leukocytes, debris, and bacteria, and muscle stimu- 
lants such as prostaglandins, present in the semen 
[8-10]. Furthermore, decapacitating factors present 
in the seminal fluid are removed from contact with 
the spermatozoa as they pass through the cervical 
mucus [1,2]. 

In order to circumvent hostile cervical mucus, 
oligospermia, and asthenospermia, as well as many 
of the other factors hindering successful sperm-egg 
interaction, the spermatozoa can be placed directly 
into the uterus. However, this cannot be done with 
freshly ejaculated sperm, because normally all contents 
of the ejaculate do not enter the uterus because of the 
filtering capacity of the cervical mucus. Early studies 
utilized unwashed semen, centrifuged into a small vol- 
ume, for an IUI. In early reports, patients complained 
of severe cramping, and only 1 of 29 patients conceived 
[11]. The semen must first be processed to remove all 
contaminants and to concentrate the motile sperm- 
atozoa into a small volume that can easily be placed 
directly into the uterus. If done at the periovula- 
tory period, a reasonable chance of pregnancy can be 
achieved. 


Rationale for sperm processing 


In order to place the motile sperm directly into the 
uterus, and thus perform an intrauterine insemin- 
ation, the spermatozoa must be separated from the 
seminal fluid. Some form of sperm processing, or 
“sperm washing” is required to isolate sperm from 
the seminal plasma, to initiate capacitation, and to 
concentrate the motile population of sperm into a 
small volume that can easily be accommodated by 
the uterus [10,12]. The motile sperm, concentrated in 
a small volume of nutrient medium that is supportive 
of sperm motility and longevity, can be placed through 
the cervical opening into the uterus by using a small 
catheter. 

No separation techniques, however, guarantee 
the removal of all cells and pathogens, including the 
hepatitis and HIV viruses [10]. Nutrient media used 
for processing may contain antibiotics, which will 
help to remove bacterial contamination [13,14], but 
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not viruses. It is therefore prudent that the physician 
counsel the recipient of IUI as to the possible risks of 
transmitting communicable disease using untested 
partner's sperm. 

Sperm processing techniques for IUI and for 
ART (IVF and ICSI) are similar. The ultimate goal 
for either type of insemination is the acquisition of 
a concentrated fraction of motile sperm. IUI, how- 
ever, requires a higher concentration of motile sperm 
for deposition into the uterus, since there is significant 
loss of sperm during transport through the female 
reproductive tract. For IVF and ICSI, direct insemina- 
tion of the oocyte can be achieved with very few sperm 
(50 000 - 100 000 sperm) in a culture dish, with a sin- 
gle spermatozoon injected directly into each retrieved 
oocyte [2]. 

The source of the spermatozoa to be processed for 
TUI is generally the entire ejaculate or frozen semen 
specimen, whereas the source of the spermatozoa 
used for IVF and/or ICSI can be from the ejaculate, 
froma testicular or epididymal aspirate, or extracted 
from testicular biopsy tissue. Spermatozoa can also 
be separated from neutralized urine in cases of retro- 
grade ejaculation [15]. The urine is usually alkalinized 
by catheterization of the bladder and instillation of 
nutrient media or buffer prior to attempted ejacula- 
tion [12]. 

Epididymal or testicular aspiration (MESA, TESA) 
results in very small volumes of fluid that might con- 
tain sperm. These sperm are not motile and can be 
cultured overnight, with or without stimulants, prior 
to selection for ICSI, with the intent that some spas- 
tic or shaking movement might be induced and thus 
signal a viable sperm for pick-up and injection into 
the oocyte. Testicular biopsy tissue can be acquired 
by percutaneous aspiration from the testicles or open 
biopsy (TESE). The tissue must then be minced or 
digested to release individual spermatozoa, which can 
then be treated as for the aspirates. Individual sperm 
can then be removed from the tissue or contaminat- 
ing fluid, picked up with a micropipette and used for 
ICSI. Both cell and tissue fractions can also be cryo- 
preserved and used at a later date. Cryopreservation of 
epididymal and testicular aspirates and tissue in mul- 
tiple vials also allows several attempts at ART and pos- 
sible pregnancy. 


Methods for processing semen 


Sperm separation techniques have evolved from very 
simple wash-centrifugation procedures [16-18] to 


filtration using glass wool columns[19-21], Sephadex 
columns [22,23], membrane filtration [24,25], albumin 
gradients [26,27], magnetic cell sorting [28], migration 
tubes [29,30], migration methods including swim-up 
[17,31,32], swim-down [33], and migration through 
sodium hyaluronate [34,35]. The use of density gradi- 
ent centrifugation procedures [28,36-43] for separa- 
tion of the fraction containing the most normal and 
motile sperm has most recently been the method of 
choice [44]. 

The physical characteristics of some semen samples 
may interfere with the efficiency of the separation pro- 
cedure, e.g., seminal viscosity, incomplete liquefaction, 
and excessive numbers of cells other than spermatozoa 
(epithelial cells, leukocytes, and immature sperm- 
atogenic cells). A semen specimen should be allowed 
to liquefy for at least 30 minutes before processing. 
Extremely viscous semen samples may be gently mixed 
with culture medium and allowed more time before 
processing, or passed gently through 18- or 19-gauge 
needles using a syringe, although this can damage 
sperm. Alternately, brief treatment of the specimen 
with chymotrypsin has been shown to help reduce vis- 
cosity [10]. Semen that has not completed liquefaction 
may be gently mixed with culture medium to allow 
the nonliquefied coagulum to settle to the bottom of 
a test tube. The supernatant containing the sperm can 
then be drawn off and processed as desired. Semen that 
has excessive numbers of nonreproductive cells (e.g., 
“round” or epithelial cells) may be processed by first 
diluting the semen with buffered culture medium and 
increasing the number of tubes for processing. 

Whenever possible, methods of sperm prepar- 
ation should be used that not only enrich the motile 
population of cells but also increase the opportun- 
ities for subsequent fertilization by sperm that are 
more functional, with respect to sperm membrane 
and nuclear integrity. Most of the semen processing 
methods yield enriched populations of motile sperm, 
but these techniques vary in their ability to produce a 
finished product with the highest proportion of mor- 
phologically normal motile sperm [17,44]. 


Equipment, media, and supplies 

Simple laboratory equipment is needed for process- 
ing semen [10]. Equipment includes a compound 
microscope for assessing sperm count and motility, a 
dry incubator for warming nutrient media and main- 
taining the washed preparation, a table-top centrifuge, 
and a storage refrigerator. Additional supplies include 
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sterile transfer pipettes, sterile 15 mL centrifuge tubes, 
sterile specimen containers, test-tube racks, and nutri- 
ent medium. A standard refrigerator is used to store the 
medium prior to use. The refrigerator and incubator 
temperatures must be checked and recorded daily as 
part of the overall laboratory quality control program. 
All media must be warmed to 37 °C prior to use. This 
can be done in the dry incubator, in a water bath, or in 
a block heater on a slide warming plate. 

A small table-top centrifuge is sufficient for phys- 
ician office laboratories. Various types and models 
of centrifuges are available, including those with vari- 
able and those with fixed speeds. The centrifuge tubes 
containing the semen and media are centrifuged at 
300 x g at room temperature. A standard compound 
microscope is needed to assess the semen prior to wash- 
ing, and to determine the sperm count and motility fol- 
lowing processing. A counting chamber such as Makler 
chamber, disposable counting slide, or hemacyto- 
meter is needed to determine sperm concentration [45]. 
Finally, general lab supplies include sterile graduated 
pipettes for measuring semen volume, nutrient medium 
and gradients (if used), and sterile disposable transfer 
pipettes for removing the semen-medium fraction or 
removal of the pellet to a clean centrifuge tube. Sterile 
polystyrene centrifuge tubes for semen centrifugation, 
and sterile specimen containers for collection of the 
ejaculate, are also standard lab supplies [10]. 

There are many different commercially available 
media, such as Hams F-10 or Tyrode's buffer, that can 
be used for sperm processing [10,45]. However, the 
most commonly used medium for sperm processing 
is the commercially available synthetic human tubal 
fluid (HTF), which mimics the uterotubal fluids 
[10]. Culture media must be tested for osmolality, pH, 
lack of endotoxin contamination, and biocompatibil- 
ity, and must have FDA approval for human use [46]. 
Two buffering systems are used with gamete culture. 
The first is HEPES (N-2-hydroxyethylpiperazine- 
N’-2-ethanesulfonic acid), which has a working pH 
of 6.8-8.2. HEPES-buffered media is designed for 
use with room air. The second most common is 
bicarbonate-buffered medium, which relies on car- 
bonic acid/bicarbonate equilibrium for maintaining 
pH. If medium is supplemented with bicarbonate buf- 
fer, a CO, incubator is needed, and the caps of the cen- 
trifuge tubes must be kept slightly ajar for gas exchange 
to maintain the pH of the medium. Processing sperm 
for IUI may be done with HEPES-buffered medium, 
allowing capacitation to proceed in vivo (after the 


insemination). This allows the laboratory to work 
without the need for CO, incubators. Most media 
used in the andrology laboratory also contain a pH 
indicator such as phenol red, which gives the medium 
a light orange to pink color at neutral pH. Keeping an 
eye on the color of the medium can head off any prob- 
lems. It is important to remember to keep HEPES- 
buffered media in room air, or with caps tightly closed, 
and bicarbonate-buffered media in a 5% CO, incubator 
with caps slightly ajar. 

Sperm processing medium is supplemented with 
a protein source, such as human serum albumin 
(HSA) or synthetic serum substitute (SSS), which is 
essential for sperm survival and initiation of sperm 
capacitation. Most commonly, albumin is added by the 
manufacturer to the synthetic medium at 3-5 mg/mL. 
With regard to sperm, capacitation occurs by removal 
or efflux of cholesterol from the sperm membrane andis 
promoted by albumin [46,47]. The nutrient medium is 
also supplemented with antibiotics, such as penicillin/ 
streptomycin or gentamicin, to reduce the possibility 
of pelvic infection. However, earlier reports suggested 
that the technique of processing the sperm by any of 
these methods reduces bacterial content [13,14,48]. 
Gentamicin is the antibiotic of choice, since the lab 
cannot always be sure if the female recipient of washed 
sperm is allergic to penicillin. 

Nutrient media are available from several com- 
mercial suppliers in various volumes (from 10 mL 
for single-specimen processing up to 100-500 mL for 
high-volume laboratories). If purchased in large vol- 
umes, the medium should be divided among smaller 
vials or tubes and stored in the refrigerator. Then only 
the volume needed for a specimen, or for use in a par- 
ticular day, can be removed and warmed prior to use. 

All nutrient media are stored in the refrigerator 
until use. Prior to use, all nutrient media are warmed 
to 37 °C by incubation in an incubator, water bath, or 
heating block. 


Simple centrifugation wash method 


A simple dilution and centrifugation wash proced- 
ure was first reported by Hanson and Rock [16]. It 
has been the simplest and most commonly utilized 
procedure for preparing sperm for IUI, especially 
in a physician’s office laboratory. This technique is 
especially useful for preparing frozen-thawed semen 
for IUI, as well as for concentration of low-sperm- 
count specimens [10,12]. The procedure involves 2-3 
times dilution of the liquefied semen with nutrient 
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medium, followed by centrifugation at approximately 
280-300 x g for 10 minutes. The supernatant is 
removed, and the pellet resuspended in fresh nutrient 
medium, followed by a second centrifugation step. An 
aliquot is removed to determine the sperm concentra- 
tion and motility, information which is provided to the 
physician performing the insemination. The final pel- 
let is resuspended in 0.3-0.5 mL of fresh medium, and 
this fraction is used for the insemination. 

The main disadvantage of the simple wash pro- 
cedure is that not only motile sperm but nonmotile 
sperm, debris, contaminating cells, and bacteria are 
brought down into the pellet. Centrifugation of all of 
these cellular materials, particularly leukocytes, gener- 
ates the production of oxygen radicals (reactive oxygen 
species, ROS) which can induce irreversible damage to 
the spermatozoa [10,12,45,49-51]. 

The simple wash procedure is recommended for 
semen specimens with low sperm count and motil- 
ity. However, these should also be “clean,” that is, with 
little if any debris or cells. Centrifugation of an oli- 
goasthenospermic ejaculate with contaminating cells 
and debris will have significant deficits due to gener- 
ation of ROS. A simple wash procedure can be used 
for specimens that have normal sperm parameters, 
with no contaminating cells and debris, and when the 
laboratory is not equipped to perform other preferred 
methods. However, the density gradient procedure for 
sperm preparation for IUI and IVF is still the preferred 
method (see below). 


Simple wash for cryopreserved semen 
specimens 


A simple wash procedure is recommended also for 
frozen-thawed semen [12]. Spermatozoa that have 
been cryopreserved and thawed can be damaged 
by the freezing and thawing process. It is therefore 
important not to “over-process” thawed semen to pre- 
pare for an IUI. The thawed semen-cryopreservative 
mix is removed to a sterile centrifuge tube. The semen- 
cryopreservative is diluted with twice the thawed vol- 
ume using nutrient medium. This is done slowly and 
drop-wise so as to not subject the sperm to osmotic 
shock with the addition of medium with normal osmo- 
larity. After dilution with medium, the specimen is 
centrifuged at 280-300 x g for five minutes, the super- 
natant removed and the pellet gently resuspended 
in fresh medium. An aliquot can be taken for deter- 
mination of sperm count and motility prior to the 
insemination. The mean percentage of motile sperm 


recovery following simple wash or even swim-up of 
thawed sperm is approximately 5% [12]. One study 
compared simple wash, density gradient centrifuga- 
tion, and Sephadex column filtration, and showed no 
statistical differences in pregnancy rates, although 
density gradient centrifugation was associated with a 
lower pregnancy rate than the other methods [52]. 


Simple wash procedure for retrograde 
ejaculates 


Retrograde ejaculation occurs when semen is forced 
into the bladder rather than outward through the 
urethra. This may be the result of various medical con- 
ditions, such as diabetes, or therapeutic medications, 
as well as spinal cord injury. If semen enters the blad- 
der, the normally acidic urine renders the spermatozoa 
nonmotile or dead [10,53]. 

Laboratories that do not specialize in ART are less 
likely to be capable of processing urine specimens to 
recover retrograde ejaculates. Recovery of spermato- 
zoa from the urine is a relatively simple procedure but 
necessitates strict cooperation between laboratory, 
urologist, and gynecologist so that sperm recovery can 
be timed during the periovulatory period. 

Sperm can be recovered following retrograde 
ejaculation and used for inseminations or for other 
ART techniques. However, preparatory steps should 
be taken prior to ejaculation to neutralize or alka- 
linize the urine. It is important to neutralize the urine 
in order to minimize damage to the spermatozoa. 
Alkalinization of the urine is accomplished by treatment 
of the patient with oral bicarbonate or by catheteriza- 
tion of the bladder and instillation of a buffer such as 
phosphate-buffered saline. The patient is asked to prod- 
uce a semen sample into a sterile plastic container, then 
to void the bladder immediately after ejaculation into 
a separate container. The antegrade ejaculate, if pre- 
sent, is processed according to routine procedures. The 
urine/buffer sample is examined for sperm, diluted fur- 
ther with nutrient medium, and placed in multiple tubes 
for concentration. The concentrates are collected and 
washed again, and then post-wash count and motility 
are determined. The potentially acidic and hyperosmotic 
nature of the urine is detrimental to the sperm cells, and 
reduced motility is often observed, so it is important to 
process the retrograde sample as soon as possible. 

It is important to note that this simple centri- 
fugation wash concentrates not only retrograde 
sperm, but all other contaminating debris present 
in the urine at the time of ejaculation. Additional 
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wash steps may be prudent, especially with nutrient 
medium supplemented with antibiotics. If motility is 
not greatly compromised, the sperm may be processed 
further by swim-up, glass wool filtration, density gra- 
dient separation, or other methods to isolate as many 
motile sperm as possible from the urinary proteins, 
cells, and other debris. 

The choice of processing methods should be based 
on the concentration of motile sperm present in the 
urine, and the progressive motility of the sperm, as 
well as the presence of contaminating debris and dead 
cells. 


Swim-up, swim-down migration methods 


Sperm migration methods are based on the natural 
process of sperm migration through the cervical 
mucus [54], where viable sperm are filtered from non- 
viable, nonmotile sperm and other cellular elements. 
The earliest reports of sperm rise [55] and the swim-up 
technique [31] relied on the natural ability of motile 
sperm to migrate from one medium into another, i.e., 
from semen into nutrient medium or from one layer 
of nutrient medium into a “cleaner” or cell-free layer. 
These migration methods involve either the swim-up 
of motile sperm directly from semen into nutrient 
medium, the swim-up of motile sperm from a washed 
pellet of sperm, or the swim-down of motile sperm 
from semen into nutrient medium [10,12,45]. 

In the swim-up from semen method, the semen 
is divided equally into sterile centrifuge tubes, with 
approximately 1.0 mL of semen per tube. An equal 
volume of nutrient medium supplemented with pro- 
tein and antibiotics is gently layered over the semen, 
and the tube capped and placed in a 37 °C incubator 
for approximately 1-1.5 hours. Others have suggested 
an incubation time of 30-45 minutes [54]. Often, the 
centrifuge tube is tipped on a 45° angle to provide a 
larger surface area for the medium to interface with 
the semen [54]. After the incubation, the supernatant 
containing the motile sperm fraction is removed, 
and diluted equally with fresh nutrient medium. The 
motile sperm fraction is then centrifuged for 5-10 
minutes at 280-300 x g, and the pellet is resuspended 
in 0.3-0.5 mL of fresh nutrient medium for the insem- 
ination. An aliquot is taken for determination of sperm 
count and motility. The swim-up from semen method 
is thought to be the simplest way to obtain a good 
population of motile sperm, and, depending on the 
yield required, it can be a rapid procedure with nor- 
mal semen specimens [32]. Abnormal specimens may 


benefit from gradient centrifugation, with an excellent 
yield of motile sperm [32]. 

The second migration method involves an ini- 
tial wash-centrifugation step, followed by layering 
of nutrient medium on the sperm pellet. After a one- 
hour incubation, the supernatant containing the motile 
sperm is removed, diluted with medium, and centri- 
fuged. The final pellet is once again resuspended for 
the insemination. This procedure of swim-up from 
a washed pellet is useful for semen specimens with 
normal to high sperm concentration, normal motil- 
ity, and a clean, cell-free seminal fluid. As mentioned 
above, centrifugation of the raw semen into a packed cell 
pellet may induce the formation of oxygen radicals that 
can irreversibly damage the viable sperm [45,49,50], 
especially when there is an increase in cells, particularly 
leukocytes. It has also been suggested that migration of 
sperm against the gravitational force results in a lower 
percentage of motile sperm recovery [12,31]. 

The swim-down technique involves layering the 
raw semen directly over nutrient medium in a cen- 
trifuge tube [12,33,45,54]. Using gravitational force, 
motile sperm can swim into the nutrient medium. 
Following incubation, the semen is removed, and the 
resulting swim-down fraction can be diluted with fresh 
medium and centrifuged, and the motile sperm pellet 
can be resuspended in medium for the insemination. 
An additional wash step can be included to remove any 
residual seminal fluid. 

Both the swim-up and swim-down procedures 
have been used to isolate a clean motile population of 
sperm, leaving behind the nonmotile sperm, cells, and 
debris [56]. 

In terms of the efficiency of motile sperm recov- 
ery, swim-up methods rely most on quality (speed) of 
motility, the quantity of motile sperm in the original 
specimen, and the skill of the clinician/technician 
with pipettes [10,46,54]. The swim-up procedure is 
preferable for semen specimens that are relatively free 
of contaminating cells and debris, and with a high 
sperm concentration [10], since recovery of numbers 
of motile sperm is low [10,12,45]. Regarding tempera- 
ture, swim-up procedures are more efficient if per- 
formed at 37 °C rather than room temperature. 


Density gradient centrifugation 


In 1977, a modified colloidal silica material was devel- 
oped for gradient separation of cells [36]. Density 
gradient separation of sperm is based on the sperm 
size, motility, and density [54]. The gradient should 
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have no or minimal osmotic effect, low viscosity, and 
high specific gravity [54]. The first type of medium 
used for density gradient centrifugation of sperm was 
Percoll (Pharmacia AB, Uppsala, Sweden), which is 
polyvinylpyrrolidone-coated silica. In the mid-1990s, 
Percoll was removed from the market for human use 
and was replaced by silane-coated colloidal silica, 
available under several trade names. The density gra- 
dient centrifugation procedure uses centrifugal force 
to propel the cellular fraction of the seminal fluid into 
contact with the gradient material [46]. 

This method (also called discontinuous gradi- 
ent separation) is perhaps one of the more popu- 
lar, utilizing centrifugal force to propel sperm and 
seminal debris downward and into contact with the 
fluid interface between the semen and the gradient 
material. Motile sperm pass through the fluid inter- 
face more easily, leaving nonmotile sperm, epithe- 
lial cells, and other debris trapped at the interface. If 
more than one density layer is used, the sperm (and any 
other cellular or seminal debris) that pass through the 
first interface are placed in contact with the next fluid 
interface, and again the motile sperm are better able 
to pass into the next layer of gradient material. Thus, 
the multiple-layer gradient method effectively “cleans” 
the semen sample and concentrates the motile sperm 
at the bottom of the test tube [10,46]. 

For density gradient processing, a 45% gradient 
solution is gently layered over a 90% gradient, and the 
semen is layered over the top. The tube is then centri- 
fuged at 300 x g for 20 minutes. The resultant pellet is 
usually removed using a thin-tipped transfer pipette 
and placed into a clean centrifuge tube. Removal of 
the pellet first is more advantageous than removing 
the supernatant (remaining seminal fluid and gradient 
layers), since the pellet can be removed without con- 
taminating the motile fraction with semen and debris. 
If the gradient and semen are first removed, the debris 
and seminal fluid wash down the sides of the tube and 
can be resuspended with the pellet. The pellet is resus- 
pended in at least 2 mL fresh nutrient medium (more 
or less depending on the size of the pellet, i.e., sperm 
concentration) and centrifuged for 5-10 minutes at 
300 x g. The final pellet is resuspended in 0.3-0.5 mL 
for the insemination. 

Most recently, a single gradient layer has been 
used for sperm separation. A single interface may be 
utilized for routine processing of semen (for example, 
a gradient material of 80% or 90% concentration lay- 
ered below the semen). Multiple interfaces, using more 


than one density gradient (for example, two inter- 
faces - semen, 40% gradient, 80% gradient - and three 
interfaces — semen, 40%, 60%, 80%) are used for either 
routine semen samples or samples with lower numbers 
of motile sperm [10,46,54]. Usually a concentration of 
80% or 90% gradient is advantageous for the majority 
of routine semen specimens. A poor specimen, such as 
one with low concentration, low motility, or low pro- 
gression, may not penetrate the higher-concentration 
gradients. In these instances, a 45-60% gradient may 
be used, or a single gradient of 45% or 60% individu- 
ally. Some have even recommended a three-layer 
gradient of 45%, 70%, and 90% [54], and others have 
recommended a combination of magnetic cell sorting 
and gradient centrifugation [28]. However, a single 
80% gradient is sufficient for processing almost all 
specimens for routine IUI, is most cost-effective, and 
results in recovery of adequate numbers of motile 
sperm [10]. 

Thedensity gradient method for sperm processing 
is not recommended for specimens with low sperm 
count and motility, or for frozen-thawed specimens. 
These specimens should be processed using a simple 
wash or swim-up procedure. Furthermore, highly 
viscous ejaculates are difficult to process by any of the 
standard wash procedures. To reduce viscosity prior 
to washing, an ejaculate may be pushed through a syr- 
inge fitted with an 18- to 20-gauge needle, diluted and 
mixed with nutrient medium prior to layering ona gra- 
dient, or incubated for a swim-up from semen method. 
Finally, chymotrypsin digestion of viscous samples has 
been favorable [10,54]. 


Preparation of semen specimens for 
IVF and ICSI 


Preparation of semen specimens for ART - IVF 
and/or ICSI - involves the same processing as for 
IUI, except that a significantly lower concentra- 
tion of motile sperm is required for IVF/ICSI [57]. 
Generally, a simple wash procedure is not recom- 
mended, once again because of the damage to sperm by 
oxygen radicals from exposure of sperm to leukocytes 
and dead cells. The preferred methods for processing 
of sperm for IVF are the density gradient centrifu- 
gation procedure and the swim-up from semen pro- 
cedure, with the goal being recovery of motile sperm 
in a concentration suitable for the desired proced- 
ure [46,57]. A combination of these procedures can 
also be used [46,58,59]. Following a density gradient 
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centrifugation of a specimen with good semen param- 
eters, but increased debris and cells, the pellet can be 
overlayered with fresh nutrient medium for a swim-up. 
Following incubation, the supernatant containing the 
motile fraction of sperm, usually 90-100% motile 
sperm, can be used directly for IVF. For IVF, 50 000- 
100 000 sperm are added per dish or per droplet con- 
taining the oocytes. The intent therefore is to utilize a 
fraction with the highest motility possible. 

For ICSI, depending on the sperm concentration 
and the origin of the specimen, gradient centrifugation 
can be used, as well as swim-up from semen. Individual 
sperm with normal morphology are injected directly 
into the oocyte. Therefore, recovery of numbers of 
sperm is not necessarily a concern, nor is the need 
for progressive motility. Individual sperm with some 
evidence of viability (i.e., twitching movement) can be 
picked up by the ICSI pipette. In cases of totally non- 
motile sperm, the sperm can be diluted with hypo- 
osmotic buffer (as for the hypo-osmotic swelling test, 
HOS test), and the swelling (and hence viable) sperm 
used for ICSI. 

In severely oligospermic specimens, more than 
one ejaculate can be obtained on the day of oocyte 
retrieval in order to increase the chances of finding 
motile sperm for ICSI [46]. Additionally, ejaculates 
can be collected the day before the oocyte retrieval and 
stored in refrigeration medium, or washed and incu- 
bated overnight [60,61]. 


Epididymal and testicular sperm 


Epididymal aspiration and testicular biopsy yield 
very few motile sperm relative to ejaculated semen 
[62]. When retrieved from the testicle, spermato- 
zoa are inherently immature, have limited motility, 
and are incapable of capacitation and penetration of 
the zona pellucida [46,52]. Epididymal sperm, on the 
other hand, might exhibit vigorous motility, variable 
sperm maturation, and a reduced ability to capaci- 
tate. Regardless of the source of the sperm - i.e., epi- 
didymal aspiration or testicular biopsy - the lower 
numbers of mature, motile sperm mandate that ICSI 
be used to fertilize oocytes. Processing epididymal 
aspirates involves the same procedures as those used to 
process specimens with low sperm count and/or motil- 
ity, as long as the aspirate demonstrates some forward 
progressive motility [46]. Red blood cells can be elimi- 
nated by addition of hypotonic lysing buffer, which 
causes the red blood cells to lyse and release pigment 
into the nutrient medium. The specimen can then be 


centrifuged and the pellet containing the spermatozoa 
retrieved and further washed. 

Testicular biopsy tissue is processed by dissection 
of the tissue with needles, scalpel blades, small-bore 
pipettes, mortar and pestle, or tissue homogenizers. 
Tissue can also be macerated between two sterile glass 
slides in order to release spermatozoa from the sem- 
iniferous tubules. Following tissue mincing, nutri- 
ent medium is added, and the suspension placed into 
sterile centrifuge tubes. The larger pieces of tissue are 
allowed to settle, and are removed. The supernatant 
can be washed with fresh nutrient medium and exam- 
ined for the presence of sperm. Usually, the spermato- 
zoa are surrounded by large amounts of debris, cells, 
and tissue fragments. Spermatozoa are embedded in 
clumps of cells or debris, and usually show no progres- 
sive motility, or may show tail twitching. The prepar- 
ation can be incubated as a thin smear or microdrop of 
medium overnight at 37 °C. Motile or twitching sperm 
may then be found along the periphery of the droplet 
in which the tissue was incubated, picked up with the 
micropipette, and then used for ICSI. If sufficient num- 
bers of motile sperm are present, multiple-layer density 
gradient centrifugation can be used to recover a clean 
preparation of spermatozoa for use with ICSI [46]. 

Surgical sperm recovery from the testicle or epi- 
didymis can be scheduled to coincide with oocyte 
retrieval. However, it may be advantageous to schedule 
the sperm retrieval prior to oocyte retrieval and then 
cryopreserve small tissue pieces or aspirates in mul- 
tiple vials. This provides enough specimen for multiple 
attempts at ICSI, but also allows for a contingency plan 
(such as use of donor sperm) should no sperm be found 
that would be suitable for ICSI. The tissue or aspirate 
is frozen utilizing the same methodology as for semen 
cryopreservation. 


Summary and conclusions 


It is relatively simple to set up a sperm preparation 
laboratory and perform sperm preparation for IUI. 
Special expertise, however, is necessary for process- 
ing of epididymal and testicular specimens for ART 
procedures. It is clear that with unusual, nonroutine 
specimens, referral to an andrology or ART laboratory 
would be prudent. Specimens exhibiting severe oligo- 
spermia or hyperviscosity, and retrograde ejaculates, 
may require more intensive laboratory manipulations 
to recover sufficient numbers of motile sperm. 

It is difficult to identify a technique that should 
be used for all specimen processing procedures. It is 
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important that the method of choice for processing 
be determined on an individual basis, dependent on 
sperm concentration and motility, morphology, and 
semen volume. Not only results of previous semen 
analyses but also the quality of the specimen presented 
on the day of the processing must be considered. A trial 
of sperm processing (by gradient, migration, or simple 
wash) is often recommended prior to initiating any ART 
cycle. No single separation technique is always superior. 
The technique that yields the most normal motile sperm 
should be used [63]. This is where technical andrology 
laboratory experience clearly provides an advantage. 
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Introduction 


Sperm can be obtained for banking purposes from 
various sources, depending on the clinical circum- 
stances. Possible sources include appropriately col- 
lected ejaculated semen, postejaculate urine, and 
surgically retrieved testicular tissue. This chapter will 
discuss the various aspects of banking sperm from 
these sources, focusing on cryopreservation principles, 
techniques, and applications. 


Principles 
Basic principles of cryopreservation 


Successful cooling and freezing of a cell from physio- 
logical to subzero temperatures, with subsequent 
thawing and achievement of cellular viability and 
functionality, requires a thorough understanding of 
the biological ramifications of these processes, which 
vary both among species and among cell types within 
a particular species. Thus, cryopreservation protocols 
should be adjusted to each species and cell type, to 
assure optimal outcomes [1]. 

The introduction of permeable cryoprotective 
agents (CPA), such as glycerol and dimethyl sulfox- 
ide, allowed for the development of many cryopreser- 
vation protocols for various cells and tissues. An 
adequate intracellular concentration of these agents 
protects from potentially damaging intracellular 
ice formation and osmotic shock during the freez- 
ing phase. The most widely used cell suspension 
cryopreservation protocols were based on the use 
of molar concentrations of CPAs [1]. As most cell 
membranes are permeable to water and CPAs, a cou- 
pled flow of both is expected to occur at various stages 
of the process, including the time of CPA addition 
and removal, as well as during freezing and thaw- 
ing. The characteristics of this coupled flow dictate 
cell volume and intracellular osmotic concentrations 
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throughout the process. As extreme changes might 
cause unwanted membrane stretching and even rup- 
ture [2], impermeable solutes, such as sugars, are 
often added to the media to prevent osmotic cellular 
swelling during post-thaw CPA removal [3]. 

Typically, there is a critical cooling rate for max- 
imal survival, which can vary greatly among different 
cell types. In general, and for most cells, a high sur- 
vival rate requires that the cooling rate be sufficiently 
slow to avoid intracellular ice formation [1,4]. On the 
other hand, freezing at slow rates over a long period 
can cause extreme concentration of extracellular sol- 
utes, which, in turn, can decrease cell survival through 
direct effects of the solutes on the cellular membranes 
or through osmotic dehydration [1,5]. 

The warming rate also influences cell survival, 
and the significance of this factor varies among 
different cell types. The effect of warming rate also 
depends on the prior cooling rate. For example, a 
freezing rate is generally associated with cellular accu- 
mulation of small, irregular, and thermodynamically 
unstable ice crystals. Cells in which such ice crystals 
have formed may still survive if matched with a suf- 
ficiently rapid thawing rate. However, if the warming 
rate is too slow, the small irregular crystals can grow 
into very large crystals by a process called migratory 
recrystallization, which can cause fatal damage to the 
internal cell structure [6]. 

In general, an inverse correlation exists between 
successful cryopreservation and the complexity of the 
biological system being frozen [1,5].Sperm cell suspen- 
sions are considered two-compartment systems, with 
water shifting from the intracellular compartment to 
the medium outside upon extracellular ice formation. 
However, when tissues are cryopreserved, water must 
cross several layers of cells before reaching the outside 
medium. This process can cause damaging chemical 
and thermodynamic gradients [1,7]. 


Infertility in the Male, 4th edition, ed. Larry I. Lipshultz, Stuart S. Howards, and Craig S. Niederberger. Published by Cambridge University 


Press. © Cambridge University Press 2009. 


594 


Chapter 36: Sperm banking 


Cryopreservation of spermatozoa 


Human spermatozoa havea very broad response curve, 
with little difference in survival observed following a 
wide range of cooling rates [1,8-11]. Various studies 
on sperm cryopreservation have been conducted in an 
attempt to identify the optimal protocol for CPA add- 
ition and removal, and cooling and warming rates, as 
well as to characterize the effect of semen extenders on 
the sperm membrane, osmotic tolerance, and CPA per- 
meability [1,9,12-14]. These studies suggested that the 
cryobiological properties of spermatozoa vary among 
different species [1]. 

The most successful methods for cryopreserva- 
tion of human spermatozoa use slow initial cooling 
to 5 °C (-0.5°C/min), followed by a faster freezing 
rate (-20°C/min) to -80 °C and a very rapid plunge to 
-196°C (-200°C/min) in the presence of glycerol buff- 
ered with a TRIS-TES egg yolk-citrate medium [9]. 
When these optimized freezing conditions are achieved, 
volume and storage container do not seem to be major 
factors in human sperm cryosurvival, thus permitting 
each user to choose between straws or vials holding 
between 0.1 and 1.0 mL. While satisfactory success rates 
have been achieved with cryopreserved sperm through 
either intrauterine insemination (IUI) or in-vitro fer- 
tilization (IVF), an associated decrease in post-thaw 
sperm viability has been reported that can be potentially 
significant in cases of oligospermic samples [1]. 

Cryopreservation procedures have been reported 
to cause generation of reactive oxygen species (ROS), 
which have been shown to have a negative effect on 
sperm function [15]. The levels of the peroxidative 
protectant enzyme superoxide dismutase (SOD) have 
been observed to be consistently lower in thawed cryo- 
preserved sperm than in corresponding fresh samples 
[16]. Thus it has been hypothesized that inclusion of 
free radical scavengers (for example, a-tocopherol) 
in the freezing media may prevent oxidative damage 
during cryopreservation [15]. However, Alvarez and 
Storey have shown that lipid peroxidation inhibitors 
have no detectable effect in preventing loss of sperm 
viability, and that polyols are essential as cryoprotect- 
ants [16]. This suggests that while direct peroxidative 
contribution to sublethal cryodamage during freeze- 
thaw is minimal, membrane stress contribution is sub- 
stantial [16]. A study by Prins and colleagues showed 
that the addition of dithiothritol, which prevents oxi- 
dation damage of sulfhydrol groups, was able to sig- 
nificantly improve post-thaw motility in poor-quality 
human semen, and motility was further enhanced by 


cryoseeding the specimen prior to final freeze [11]. 
While human spermatozoa are known to tolerate 
manipulation, appropriate sperm handling to minim- 
ize mechanical stresses (such as those involved in pip- 
etting, mixing, and centrifugation) was also suggested 
as one of the determining factors for survival [15]. 


Cryopreservation of testicular tissue 


Advanced-stage germ cells, namely spermatids and 
spermatozoa, can be retrieved successfully from cryo- 
preserved testicular tissue using mechanical extraction 
or enzymatic digestion [1,17,18] and used subsequently 
for IVF with intracytoplasmic sperm injection (ICSI). 
Live births have been reported using spermatozoa 
extracted from cryopreserved testicular tissue [19,20]. 
Interestingly, harvesting of germ cells at earlier stages 
of development for cryopreservation and subsequent 
transplantation with further in-vivo maturation in an 
animal model has been reported [21]. Accumulating 
evidence suggests that immature male germ cells can 
be successfully cryopreserved if frozen following 
appropriate isolation methods [1,21-23]. 

The possible use of cryopreserved testicular tis- 
sue for grafting in an attempt to restore endocrine and 
reproductive testicular functions following iatrogenic 
or disease-induced damage has been the subject of 
extensive research [1]. However, successful cryopreser- 
vation of testicular tissue for this purpose is challen- 
ging, given the variation of cell types, with different 
cryobiological properties, and the need to protect 
intercellular interactions to maintain post-thaw func- 
tionality [1,24,25]. Other important considerations 
include the varying sizes of testicular tissue samples 
that are harvested, which may have an effect on CPA 
permeation and removal, as well as the tendency of the 
seminiferous tubules to trap water, which potentially 
can lead to ice formation and subsequent damage of the 
blood-testis barrier and tubule structure [1]. In fact, 
studies of testicular tissue following cryopreservation 
utilizing animal models have demonstrated signifi- 
cant tubular damage [26,27], suggesting the need for 
further experiments to identify protocols that would 
allow the clinical use of cryopreserved testicular tissue 
for subsequent transplantation [1]. 


Techniques 
Methods for sperm collection 


Donor or patient semen samples that are to be cryopre- 
served are collected in the same manner that is used for 
semen analysis at a fertility clinic or physician's office 
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[28]. Sexual abstinence for 2-4 days is recommended 
to obtain an ideal sperm count; however, when time 
is of the essence, such as with patients undergoing 
chemotherapy, specimens can be collected with 24 
hours of abstinence on sequential days. The recom- 
mended technique for sample production is mastur- 
bation (without lubricants) within a private room 
associated with the laboratory or physician’s office. 
This assures that the sample is processed efficiently, a 
factor that may be critical for poor-quality samples. 
The sample must be collected in a sterile, nonsperm- 
atotoxic container supplied by the laboratory. If the 
man cannot masturbate, for religious or psychological 
reasons, the sample can be produced in a condom dur- 
ing intercourse and transferred to a sterile container. 
Since it is imperative that the condom does not contain 
spermicides, a Milex sheath or device provided by the 
laboratory should be used. Coitus interruptus is not 
acceptable, because of contamination of the specimen. 

Several sperm banks offer collection kits that can 
be used at home, with the sample shipped overnight 
to the sperm bank using an express carrier. This allows 
patients who cannot travel to the laboratory because 
of distance or illness the opportunity to bank their 
sperm specimens. Typically, the kits contain a sterile 
collection container and fresh sperm buffer that is to 
be mixed with the sample following collection. While 
this buffer preserves sperm viability for more than 
24 hours, it should be noted that approximately 10% of 
the sperm may die during this extended period prior 
to cryopreservation. While this may not matter for 
patients with normal sperm counts, it may be less than 
ideal for patients with oligospermic or asthenospermic 
specimens. 


Methods for testicular sperm retrieval 


There are several surgical approaches for retrieval of 
epididymal and testicular sperm from patients with 
obstructive or nonobstructive azoospermia. In patients 
with obvious obstructive azoospermia (e.g., congenital 
absence of vas deferens, failed vasectomy reversal, etc.) 
sufficient numbers of sperm can be obtained by simple 
testicular sperm aspiration or extraction procedures 
(TESA and TESE, respectively), as well as by micro- 
scopic or percutaneous epididymal sperm aspiration 
(MESA and PESA, respectively). Other procedures, 
such as microdissection TESE and testis fine-needle 
aspiration mapping, have been developed for sperm 
retrieval in cases of nonobstructive azoospermia, in 
which the limited spermatogenesis is associated with 


lower rates of successful retrieval. These methods are 
discussed in detail in other chapters of this book. 

For collected testicular tissue, the specimens are 
placed in a sterile tube containing 2-4 mL of 37 °C 
buffered medium such as human tubal fluid (HTF) 
containing HEPES to maintain pH. If micro-TESE is 
performed, separate tubes are labeled for the left and 
right testes tissue. The specimens should be trans- 
ported to the laboratory in a timely manner. 

All procedures in the laboratory are performed 
under a laminar flow hood using sterile technique. 
The biopsy specimens are placed in a 35 mm Petri dish 
with HTF-HEPES supplemented with 0.3% bovine 
serum albumin (BSA) at 37 °C. Under a dissecting 
microscope, the seminiferous tubules are gently teased 
apart using 21-gauge needles, and the contents are 
gently squeezed into the surrounding media [29]. The 
tubules are transferred to a 15 mL conical tube contain- 
ing 1 mL of fresh medium, and the cell suspension is 
transferred to a separate centrifuge tube. Both tubes are 
incubated at 37 °C for 15-30 minutes, and the super- 
natant of the first tube (containing tubules) is com- 
bined with the cell suspension in the second tube. The 
suspension is next centrifuged at 500 x g for 5 minutes, 
and the pellet is resuspended in 1 mL Ham's F-10 with 
0.3% BSA. A cell count is performed with a counting 
chamber, and the sperm suspension is diluted or con- 
centrated to 0.5-1.0 x 10° sperm/mL. If the count is 
very low, the cells should be suspended in 200 uL media. 
Prior to freezing, an aliquot should be removed to assess 
sperm quality. The sperm count and motility can be 
determined manually and a morphology smear made 
using the feathering technique followed by staining and 
classification using the WHO third edition criteria [30] 
or the strict criteria (WHO, fourth edition) [31]. A drop 
of sperm cells is also stained for cell viability using 0.5% 
eosin Y vital stain and live : dead ratios determined [31]. 
This information can prove valuable to the clinician and 
laboratory at the time of IVF/ICSI. 


Medium and specimen preparation 


As discussed above, there are several ingredients of 
sperm cryoprotective buffers that are essential for the 
successful freeze-thaw of spermatozoa, and those per- 
tinent to humans will be discussed. Successful cryome- 
dia require the cryoprotectant glycerol [32]. However, 
it should be noted that glycerol itself can be detrimen- 
tal to survival of human spermatozoa. Thus it is essen- 
tial that final concentrations of glycerol in the sperm 
mixture not exceed 7.5%; that, once added, the 
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cooling/freezing process commences immediately; 
and that, post-thaw, the mixture is removed from the 
sperm cells by immediate washing. Additional use of 
buffering components such as the zwitterion buffers 
TES and TRIS [33] and sodium citrate [10] has been 
shown to aid in the dehydration process. Use of purified 
egg yolkin the cryomedium has been shown to improve 
post-thaw recovery of the sperm cells due to protection 
of sperm membrane fluidity during the freeze-thaw 
process [10]. A direct comparison of eight different 
cryoprotective buffer systems for human spermato- 
zoa included glycerol alone, citrate-egg yolk-glycerol, 
TES-TRIS-citrate-egg yolk-glycerol, TES-TRIS- 
citrate-egg yolk (no glycerol), HEPES-KOH-glycerol, 
and human sperm preservation medium (HSPM, a 
modified Tyrode’s with glycerol). The highest post- 
thaw viability, motility, and penetration capacity 
was found with the TES-TRIS-citrate-yolk-glycerol 
mixture named TEST-CII [9,10]. This mixture is now 
sold commercially by Irvine Scientific (Santa Ana, CA, 
USA). While widely used in the sperm banking indus- 
try, TEST-yolk buffer must be removed from the sperm 
cells prior to in-vivo or in-vitro applications. Another 
cryoprotective medium that contains HEPES-buffered 
human tubal fluid with 1% human serum albumin, 4% 
sucrose, and 6% glycerol has been introduced that is 
claimed to be IUI-ready [34]. However, this medium 
does contain 6% glycerol, which can be toxic to sperm 
if not removed in a timely manner. 

Once the semen specimen has liquefied, a sperm 
count, motility, and morphology assessment is made 
and noted in the chart for subsequent use. If the sperm 
concentration is > 100 x 10° sperm/mL, the speci- 
men can be diluted to < 100 x 10°/mL using a buffered 
medium such as Ham’s F-10. Similarly, if the sperm 
count is < 20-40 x 10° sperm/mL, the specimen can 
be concentrated by centrifugation and resuspension to 
approximately 20-40 x 10° sperm/mL. These steps per- 
mit an optimized number of sperm per vial for subse- 
quent use in pregnancy attempts using IUI. In the case 
of TESE, cells should be appropriately diluted or con- 
centrated to allow for the freezing of multiple aliquots 
in separate cryovials. This can vary from as low as a few 
hundred sperm in 200 uL final volume to as many as 
1-2 x 10° cells per 0.8 mL final volume. 

The cryoprotectant medium is added slowly in a 
drop-by-drop fashion over a 10- to 15-minute period, 
with gentle mixing between additions in order to mini- 
mize osmotic shock to the cells. In general, a 1 : 1 dilu- 
tion of sperm suspension and cryobuffer is used. It is 


ideal to slow-cool the specimens to 4 °C to minimize 
cold shock. This can be achieved by placing the tubes 
containing the sperm mixtures in a beaker containing 
250 mL room-temperature water and placing this in 
a 4 °C refrigerator for 1.5-2 hours. The specimens are 
then transferred in 0.5-1.0 mL volumes (with excep- 
tions noted for low sperm counts) to prelabeled cryo- 
vials or cryostraws and immediately processed for 
freezing. If good cryoprotectants and procedures are 
used, there is little difference with regard to post-thaw 
sperm quality when vials are compared to straws [7]. 
Labeling on the storage container and holding canes 
must include the patient’s name, record number, and 
date. If an adequate number of sperm are available, a 
100 uL aliquot should be separately frozen and thawed 
within 1-3 days to obtain post-thaw recovery counts 
and motility information, which can be invaluable 
during subsequent use. 


Specimen freezing, storage, and thawing 


Since sperm are the smallest human cells, they possess 
the highest surface-to-volume ratio of all cells, mak- 
ing them ideally suited for cryosurvival. Consequently, 
relatively easy methods of sperm freezing and thaw- 
ing can be utilized, and routine use of programmable 
freezers is not required. The most common and easi- 
est method for freezing of cryovials is to place them 
in the vapor phase of liquefied nitrogen for 15-30 
minutes [35]. This results in a rapid freeze at the rate 
of approximately -20 °C per minute to the tempera- 
ture of -80°C. This can be accomplished by loading the 
cryovials on cryocanes and placing them in a nitrogen 
vapor tank used for sperm shipping, or by suspending 
the cryovials in the nitrogen vapor phase above the 
liquid phase in a nitrogen storage tank. Holders for sus- 
pending the specimens in the nitrogen vapor are avail- 
able from several commercial vendors. For cryostraws, 
the straws can be placed on a rack that is held 10 cm 
above the liquid phase of nitrogen, which also rapidly 
freezes the sperm cells. After 15-30 minutes in nitro- 
gen vapor, the sperm containers can be plunged into 
liquid nitrogen, where they can be held indefinitely 
at -196 °C. Itis critical that the samples remain below 
the liquid surface until they are removed for thaw- 
ing. When subsequently checked for specimen identi- 
fication and location, it is imperative that the canes not 
be taken into room temperature, even momentarily, 
and plunged back into liquid nitrogen. Even though a 
change is not visible to the naked eye, this could result 
in raising and lowering the core temperature of the 
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frozen specimen, leading to cryodamage to the cells. 
Specimen identification should instead be done in the 
mouth of the cryocontainer (-80 °C) or in a Styrofoam 
box containing liquid nitrogen. 

Studies have been performed using program- 
mable freezers for human spermatozoa, with margin- 
ally improved results over conventional methods [36]. 
Use of these systems may be desirable in high-volume 
facilities or when samples with poor quality and low 
recovery potential are being frozen. Automated sys- 
tems typically use a cooling rate of -0.5 °C per minute 
from room temperature to -0.5 °C, seeding and freez- 
ing at -10 °C per minute to -80 °C, followed by rapid 
plunge to -196 °C. While these rates are similar to what 
is attainable with the conventional methods described 
above, the programmable system may provide tighter 
and more consistent freezing rates. 

As a rule of thumb in cryobiology, thaw rates 
should match the freezing rates. Thus, since human 
sperm are frozen at rapid freezing rates, the thawing 
protocols should include rapid thaw rates. This can be 
best accomplished by placing the cryovials or straws 
in a37 °C water bath for five minutes. However, when 
good protocols are in place, thawing at room tem- 
perature can produce equivalent results [10]. Once 
thawed, the sperm should be processed immediately 
to remove the cryoprotectants and avoid glycerol 
toxicity. This can be accomplished by dilution in buff- 
ered medium with 0.3% serum albumin, followed by 
centrifugation and a second wash. Alternatively, the 
specimens can be passed through glass wool columns 
or particulate gradients such as Percoll. 


Equipment requirements and 
regulatory agencies 


The equipment necessary for sperm cryopreserva- 
tion in the laboratory includes the following: light 
microscope, counting chambers, calibrated pipettes, 
low-speed centrifuge, liquid nitrogen storage tank, 
nitrogen vapor holding chamber or rack, and nitro- 
gen vapor shipping tanks. These are available from a 
number of commercial suppliers. Supplies will include 
routine delivery of liquid nitrogen, freezing medium, 
freezing vials or straws, canes, disposable tubes, and 
other standard andrology laboratory supplies. The 
total cost for this equipment and supplies (beyond 
those routinely available in an andrology laboratory) 
will vary between US$10 000 and US$20 000, depend- 
ing upon size and current availability of a microscope. 


Inthe United States, federal regulations now require 
that all facilities that freeze and bank human sperm be 
registered with the Federal Drug Administration, and 
that they follow the guidelines outlined by the Centers 
for Disease Control and Prevention, which have been 
adopted from the American Society for Reproductive 
Medicine (ASRM) and the American Association of 
Tissue Banks (AATB). The andrology laboratory per- 
forming these procedures must be CLIA-approved as a 
high complexity laboratory and inspected and certified 
by an appropriate governmentally approved certifying 
body. 


Applications 
Donor semen and screening for HIV and 
other known sexually transmitted diseases 


Cryobanking of donor sperm is a major application for 
sperm cryopreservation. This use allows for the util- 
ization of carefully screened donor semen for assisted 
reproductive technologies (ART) in various clinical 
and personal situations, mainly for couples with an 
irreversibly infertile male partner. Semen samples 
obtained from healthy donors can be used for IUI as 
well as for IVF when indicated by the reproductive sta- 
tus of the female partner. The option of sperm cryo- 
preservation has contributed to an increase in the 
availability of donor specimens, since the presence of 
the donor is not required at the time of the insem- 
ination. As cryobanking allows the storage of sperm 
for longer than six months, donors can be screened 
before and six months after collection for the human 
immunodeficiency virus (HIV) and other known 
sexually transmitted diseases, making the donor 
pool safer [37,38]. 

The ASRM has provided detailed guidelines for 
sperm donation [39]. These guidelines have been 
adopted and slightly modified by the FDA, which now 
mandates specific requirements for all sperm banks. 
According to these guidelines, donors should be of 
legal age but younger than 40 years of age, to minimize 
the potential hazards related to aging. Selecting donors 
who have established fertility is desirable but not an 
absolute requirement. While anonymous donors have 
traditionally been used, directed (nonanonymous 
or known) donation is acceptable if all parties agree. 
While there are no agreed-upon standards, minimal 
semen parameters recommended for donors include 
sperm motility of 50%, sperm concentration of at 
least 50 x 10° motile sperm/mL, sperm morphology 
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within the normal range and post-thaw sperm motil- 
ity at > 50% of initial motility. Recommended donor 
screening and evaluation include a detailed medical 
history and a complete physical examination, as well as 
testing for certain genetic and infectious diseases. The 
latter includes serologic tests for syphilis, serum test- 
ing for HIV, active CMV infection, hepatitis B antigen 
(HBsAg), and hepatitis C antibody, semen or urethral 
tests for Neisseria gonorrhoeae, and urethral or urin- 
ary testing for Chlamydia trachomatis, to be obtained 
initially and repeated at six-month intervals. Potential 
donors who are found to be positive for these infec- 
tious agents must be excluded, with the exception of 
those testing positive for Neisseria gonorrhoeae or 
Chlamydia trachomatis, who may be reconsidered after 
being treated and retested [39]. Once a donor passes 
the screening process, samples may be collected, fro- 
zen, and stored for a six-month quarantined period. 
After the donor is retested for the infectious diseases 
and found to be negative, quarantined samples can 
be released for usage. The above criteria are applicable 
to all anonymous and directed sperm donors. The sin- 
gle exception is intimate partners who do not require 
the above screens and quarantine period. 

Al-Inany et al. have studied the fertility potential 
of individual sperm donors, using progressively motile 
sperm density (PMSD) as an indicator for semen qual- 
ity [40]. Semen samples with PMSD between 8 and 
12 x 10°/mL were considered suboptimal, while sam- 
ples with PMSD higher than 12 x 10°/mL were consid- 
ered optimal. Interestingly, donor semen samples with 
suboptimal quality were found to yield pregnancy rates 
identical to those achieved with semen samples of opti- 
mal quality, suggesting that high-fecundability sperm 
donors cannot be identified on the basis of their semen 
analysis results. 


Collection of sperm from partner for future 
insemination prior to vasectomy or planned 
gonadotoxic treatments for cancer 


It is estimated that each year 76 600 American men 
and women treated for cancer are at risk for subse- 
quent infertility [41]. Certain malignant diseases, 
such as leukemias, lymphomas, and testicular cancer, 
strike teenagers and young men during their repro- 
ductive years. In fact, testicular cancer is the most 
common malignancy in men of reproductive age [42]. 
Furthermore, cancers that are common in young men, 
such as testicular cancer and Hodgkin's lymphoma, are 


some of the most treatable, creating a pool of young 
men who survive their malignancies and go on to 
potentially desire children. 

Treatment methods for these malignancies include 
chemotherapy, surgery, and irradiation of the abdomen 
and pelvis, which can negatively impact fertility through 
direct damage to spermatogenesis or interruption of 
the neuronal pathways that regulate erection and ejacu- 
lation. Men who are treated with combination chemo- 
therapy for nonseminomatous germ cell tumors of the 
testis were reported to have an approximately 50% risk 
of permanent azoospermia [41]. The probability of per- 
manent infertility increases with the cumulative dose of 
the chemotherapy agents [43]. Radiotherapy for testicu- 
lar seminoma could also cause permanent impairment 
of spermatogenesis, but most men treated with this 
modality were reported to recover their fertility in the 
months after treatment [44]. A recent study has investi- 
gated the trends in sperm parameters following chemo- 
therapy and radiotherapy for testicular cancer [45]. A 
statistically significant decrease in sperm parameters 
was observed after these treatments, which was most 
significant three months after the end of chemotherapy 
and six months after the end of radiotherapy. Two years 
after therapy, 3% of the patients who received chemo- 
therapy and 6% of those who were treated with radio- 
therapy remained azoospermic. Moreover, the recovery 
of spermatogenesis after chemotherapy or radiotherapy 
in this study of testicular cancer patients was not a func- 
tion of pretreatment sperm parameter quality, thus 
providing further support for sperm cryopreservation 
before the initiation of such therapy. 

Use of sperm cryopreservation prior to cancer ther- 
apy might be limited by the reduction in sperm param- 
eters observed in some malignant conditions that 
are caused by the disease process itself. Interestingly, 
30-60% of men with testicular cancer already have 
impaired spermatogenesis prior to any treatment, per- 
haps because testicular tissue abnormalities contribute 
to cancer risk [46]. While men with testicular cancer 
are the most likely to have reduced sperm parameters 
at the time of diagnosis, patients with other malignan- 
cies, particularly Hodgkins disease, may also have 
reduced fertility even before cancer treatment begins 
[47]. The stage of cancer in patients with testicular 
cancer and Hodgkin’s disease shows no relationship to 
their semen quality. However, the availability of IVF/ 
ICSI, requiring only a single sperm of good quality to 
achieve a pregnancy, makes it worthwhile for young 
men to bank cryopreserved semen prior to cancer 
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treatment even if their sperm counts and motility are 
impaired at the time of cancer diagnosis. Even one 
semen sample can be divided into small aliquots and 
frozen, to provide sufficient material for several sub- 
sequent cycles of IVF/ICSI [48]. A study of IVF proce- 
dures performed with cryopreserved semen specimens 
obtained from men with malignant diseases demon- 
strated a fertilization rate of 60% and a 40% pregnancy 
rate. Patients with cancers of the lymphatic system had 
the best results, while those with testicular neoplasm 
had the poorest outcome [49]. A more recent study 
of 10 cancer patients who used cryopreserved semen 
specimens for assisted reproductive treatments found 
that the pregnancy rate per cycle of IVF/ICSI was 36% 
[50], which is not unusual in competent IVF/ICSI pro- 
grams when the female partner is under age 35 [47,48]. 
When the sperm parameters at the time of cancer diag- 
nosis are normal or only mildly impaired, cryopreserv- 
ing more than one semen sample may allow for the use 
of less complex ART techniques such as IUI, without or 
with ovarian stimulation [47,48]. 


Utilization of surgically retrieved sperm for 
IVF/ICSI in cases of complete azoospermia 


The introduction of ICSI, requiring limited sperm 
numbers for achieving fertilization, has revolutionized 
the treatment of male infertility [51]. This technique, 
coupled with IVE, enables men whose infertility was 
previously considered as uncorrectable to father a bio- 
logical offspring. 

Cryopreserved surgically retrieved sperm can 
be used for IVF/ICSI in cases of both obstructive 
and nonobstructive azoospermia (NOA). In patients 
with clear-cut obstructive azoospermia (OA), such as 
congenital absence of vas deferens or failed vasectomy 
reversal, a simple open testis biopsy will yield sufficient 
numbers of sperm for ART. Couples in whom the male 
partner had a previous vasectomy and the female part- 
ner is older or has known reproductive problems could 
also benefit from a simple surgical sperm retrieval pro- 
cedure combined with IVF/ICSI. However, as sperm- 
atogenesis is impaired in men with NOA, sperm 
retrieval rates have been reported to be only 36-64% 
if a standard testicular sperm extraction (TESE) pro- 
cedure is performed [27,52,53]. Several microsurgical 
methods have been suggested to address this problem 
[54,55]. Microdissection TESE has been reported to 
provide better sperm retrieval through smaller vol- 
umes of testicular tissue removed, as compared to 


standard biopsies, with the additional advantage of 
identification and preservation of the subtunical ves- 
sels, potentially lowering the risk of the testicular func- 
tion impairment observed in larger-volume standard 
testicular biopsies [54,56]. 

The possible superiority of cryopreserved surgi- 
cally retrieved sperm versus fresh sperm (obtained sur- 
gically on the day of the actual IVF procedure) in terms 
of IVF/ICSI outcomes has been subject to much debate 
in the recent years [57]. In early studies, fertilization 
and/or pregnancy rates were reported to be lower with 
frozen-thawed sperm than with fresh [58,59], and 
associated with higher spontaneous abortions and a 
lower live birth rate as compared with fresh testicular 
sperm [60]. However, evidence is now accumulating 
to support the use of frozen-thawed sperm, which 
has multiple benefits. Cryopreserved TESE sperm 
from both obstructive and nonobstructive azoosper- 
mic patients was shown to maintain adequate viabil- 
ity post thaw and to achieve excellent fertilization and 
pregnancy rates with IVF/ICSI [27]. A larger follow-up 
study comparing fresh versus frozen TESE sperm at 
a single clinic, sometimes on the same patients, with 
first attempt using fresh and second attempt using fro- 
zen, revealed no difference between fresh and frozen- 
thawed TESE sperm with regard to fertilization rates, 
embryo cleavage rates, pregnancy rates, delivery rates, 
and spontaneous abortion rates [61]. Furthermore, 
there was no difference between patients with OA and 
those with NOA. Studies at other centers have also 
demonstrated that in men with OA and NOA, cryo- 
preserved sperm can yield IVF/ICSI outcomes similar 
to those provided by fresh TESE sperm [51,61,62]. A 
more recent study has retrospectively compared IVF/ 
ICSI outcomes using fresh and cryopreserved surgi- 
cally retrieved sperm in a large dataset derived from 
a total of 318 IVF/ICSI treatment cycles with 3280 
ova obtained from 188 women [63]. Interestingly, the 
fertilization rates for surgically derived sperm were 
found to be higher for cryopreserved sperm than for 
freshly retrieved sperm (59.9% vs. 53.6%, respectively; 
chi-square P_, < 0.02, Cramer's phi 0.04). However, the 
authors estimated that based on the time required to 
obtain data on 3280 ova, full numerical resolution of 
the issue of whether cryopreserved sperm are super- 
ior or similar to fresh sperm will not be available until 
approximately 2010. Nonetheless, these results, along 
with similar pregnancy rates with both types of sperm 
in this study, clearly indicate that cryopreserved sperm 
are not inferior to fresh sperm. 
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Routine consideration of sperm cryopreserva- 
tion for possible future IVF/ICSI procedures at the 
time of diagnostic testicular biopsy or reconstructive 
surgery has been recommended, because of a number 
of advantages that cryopreservation provides [64]. 
Advanced attempts to freeze surgically retrieved tes- 
ticular sperm can avoid a costly ovarian stimulation 
cycle for the partner if no sperm are retrieved during 
the TESE procedure. Freezing the specimen at the 
time of diagnostic biopsy minimizes testicular dam- 
age from repeated biopsies, since cryopreservation of 
TESE specimens allows for storage of multiple vials, 
which can be used for several cycles of IVF/ICSI [57]. 
Furthermore, surgical sperm retrieval and cryopreser- 
vation in advance may be more convenient to the cou- 
ple undergoing IVF/ICSI treatment, as this approach 
obviates the need to perform surgical procedures on 
both partners on the same day [57]. 


Summary 


The ability to successfully preserve and store male germ 
cells and testicular tissue offers an important contribu- 
tion to the advancement of assisted reproductive tech- 
nologies and reproductive medicine. Depending on its 
source (i.e., semen, postejaculate urine, or surgically 
retrieved testicular tissue), quantity, and quality, cryo- 
preserved sperm can be used for either IUI or IVE, with 
or without ICSI, in various clinical settings. Donor 
sperm can be used in cases of uncorrectable male 
infertility, and the partner’s semen can be collected and 
banked prior to vasectomy or planned gonadotoxic 
treatment, for future insemination. Cryopreserved 
surgically retrieved sperm can be used for IVF/ICSI 
in cases of complete azoospermia. While the avail- 
ability of advanced assisted reproductive technolo- 
gies (specifically, IVF and ICSI) and the development 
of new techniques for surgical sperm retrieval allow 
men whose infertility was previously considered to be 
uncorrectable to father a biological offspring, sperm 
and testicular tissue cryopreservation offers an add- 
itional advantage, negating the need for synchroniza- 
tion of sperm retrieval and ovulation. 

The combination of theoretical techniques, derived 
from basic scientific principles, with extensive empiri- 
cal research has resulted in improvements in various 
aspects of the sperm cryopreservation process, includ- 
ing identification of effective cryoprotectants and 
optimization of their use, development of appropri- 
ate cooling and warming protocols, and avoidance of 
damaging ice formation, solidifying the role of sperm 


banking as an essential tool for state-of-the-art treat- 
ment of male-factor infertility. 
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Introduction 


Immunologic infertility has long been an important 
area of investigation in fertility clinics and repro- 
ductive research. The concept that immunological 
factors play a significant role in infertility has been 
reported in the scientific literature since the early 
twentieth century [1-3]. Major advances in this field 
of study have resulted from the understanding that 
specific antibodies within the reproductive tract 
secretions, and especially those that are attached 
to the sperm surface, are clinically significant [4]. 
There is considerable evidence that sperm antibodies 
impair fertility by blocking penetration of cervical 
mucus by spermatozoa, by interfering in the fertiliza- 
tion process [5], or possibly by exerting an embryo- 
toxic effect [6-8]. The extent to which some of these 
effects are expressed is related to the antibody level, 
immunoglobulin class, and regional specificity of 
these antibodies. 

Immunologicinfertilityis the most common medic- 
ally treatable cause of male infertility, but the projected 
results of current treatments at this time are less than 
optimal. As many as 60% of candidates for vasectomy 
reversal may have circulating antisperm antibodies [9]. 
It is also known that men with primary infertility have 
a higher incidence of antisperm antibodies in their 
serum and semen than do age-matched fertile controls 
[10,11]. Under some circumstances, such as testicular 
trauma or vasectomy, the “blood-testis barrier” may 
be broken, thereby allowing the immune system to be 
exposed to a large number of sperm, facilitating the 
production of antisperm antibodies [12]. In addition, 
the lack of reliable, standardized testing protocols for 
antisperm antibodies has contributed to uncertainty 
among fertility specialists concerning the magnitude 
of such immunologic phenomena in human repro- 
ductive failure [4]. 


Tests for antisperm antibodies 


Clinical relevance 


Immunologic phenomena are reported in associ- 
ation with infertility in 10-30% of unexplained cases 
[1,3,7,13]. Before any treatment of unexplained infer- 
tility is initiated, the possible presence of antisperm 
antibodies should be investigated under the following 
clinical scenarios: 

(1) in couples with repeated abnormal postcoital 
tests [14]; 

(2) when persistent infertility exists after 
vasovasostomy in association with normal sperm 
counts and motility [15]; 

(3) when semen analysis is characterized by excessive 
agglutination of sperm (mainly tail-to-tail 
agglutination); 

(4) in cases of testicular trauma, torsion, maldescent 
and persistent pyospermia, or testicular 
biopsy [12]; 

(5) when there is a genetic predisposition [16]; 

(6) in cases of repeated genital infections [17]. 


All such couples with idiopathic infertility should be 
adequately screened for antisperm antibodies. 


Diagnostic tests 


A wide variety of tests (historical and current) are avail- 
able for screening for antisperm antibodies as a cause 
of immunologic infertility. 


Sperm immobilization tests 
(Isojima) 


These tests measure complement-dependent cyto- 
toxicity and are highly specific for immunoglobulins. 
Therefore, false positive results are rare, while false 
negative results may occur. Single IgA antibodies may 
interfere with fertilization [18]. 
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Sperm agglutination tests (Franklin—Dukes, 
Kibrick, tray agglutination test) 


These tests depend on cross-linking of spermatozoa 
by multivalent antibodies. Non-immunoglobulin- 
mediated agglutination may lead to false positive 
results. The number of sites for antigen binding varies 
with immunoglobulin class, so that large multivalent 
molecules such as IgM are more likely to give a strongly 
positive reaction [19-21]. 


Mixed agglutination reaction (MAR) 

This test uses a second antibody (e.g., rabbit anti- 
body) that is directed against a human immuno- 
globulin class [22]. The agglutination response is 
amplified by including human red blood cells that are 
also coated with human immunoglobulin. Thus the 
positive response involves the mixed agglutination of 
blood cells and sperm cells by the second antibody. 
The large size of the agglutinate limits the ability 
of the assay to determine the region of the sperm to 
which the antibody is bound, and restricts its util- 
ity in evaluating the percentage of antibody-bound 
sperm. 


Indirect inmunofluorescence 


In this test, the second antibody is conjugated with a 
fluorescent label, and the number of antibody-bound 
sperm can be observed directly with a fluorescence 
microscope, along with the location of the bound anti- 
body on the sperm surface [23]. If the test is carried 
out after the sperm are air-dried, exposure of internal 
sperm antigens as well as surface antigens will occur. 
Exposure of internal antigens may lead to false posi- 
tive results because these antigens may cross-react 
with antibodies to bacterial antigens that are not 
related to infertility. 


Enzyme-linked immunosorbent 
assay (ELISA) 


In these tests, the second antibody is linked to an 
enzyme that has reacted with its substrate to produce 
a color that can be measured photometrically. Either 
whole sperm or membrane extracts are fixed to micro- 
titer wells, the second antibody is added, and the color 
reaction is developed. Preparation of the sperm cells 
may lead to exposure of internal antigens or loss of 
antigens, resulting in false positive and false negative 
results, respectively [24]. 


Radiolabeled antiglobulin assay 


Inthisassay, the second antibody is labeled with a radio- 
isotope, usually ['°I]-protein G, as the radioligand, and 
the result is determined from the radioactivity (bound 
antibody) remaining in the washed sperm cells. This 
method allows objective and specific questions to be 
asked concerning IgG class antibodies [25]. However, 
if both living and dead cells are assayed together, false 
positive results may occur because of exposure of 
internal antigens. A varying degree of false negative 
results is possible. Moreover, regional specificity of 
the antisperm antibody cannot be determined with 
this method. 


Immunobead rosette test (IBT) 


This immunobead test (IBT) is a technically sim- 
ple assay that evaluates immunologic infertility by 
identifying the classes of antisperm antibodies and 
their binding sites on the sperm surface [13,26,27]. 
The test uses polyacrylamide beads coated with anti- 
bodies against human immunoglobulins (Igs) to bind 
to antibody-coated sperm. This test is one of the most 
informative and specific ofall the assays currently avail- 
able to detect antisperm antibodies [4,28]. The test 
makes use of widely available, inexpensive reagents. 
The immunobeads are microscopic polyacrylamide 
spheres which carry covalently bound rabbit anti- 
bodies directed against human immunoglobulins. 
Immunobeads are commercially available, and are 
directed against whole human immunoglobulin (Ig) or 
against individual immunoglobulin classes (IgG, IgA, 
IgM). The second antibody is linked to polyacrylamide 
beads that are smaller in size (approximately 2-10 um) 
than the sperm cell. Sperm and beads are mixed, and 
the suspension is observed microscopically for agglu- 
tination of sperm and beads (Fig. 37.1). By using beads 
coated with Ig-class-specific second antibodies, one can 
identify the different antibody classes involved (IgG, 
IgA, IgM) [29]. The capability to determine immuno- 
globulin class may be particularly useful in assessing 
fertility in males, since IgAs are considered to be more 
detrimental than IgGs to sperm function. The immuno- 
bead test also identifies the location on the sperm cell 
(head, midpiece, tail) to which the antibody is bound. 
‘The rate of false positives is low with the immunobead 
test, but false negatives may occur [30]. 

There are two ways to perform the immunobead 
test: 
(1) The direct method. This IBT can be performed 

directly to assess native antibodies on sperm by 
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>$ Anti IgG/A/M immunobead 


Bead binding over tail 


Fig. 37.1. A diagrammatic cartoon show- 
ing sperm with location of immunobead 
(IgA, IgG, or IgM) binding. 


Bead binding over head 


binding immunobeads to the target sperm surface 
[31]. This is the method of choice for assessing 
men who have adequate numbers of motile 
sperm in their semen. 

(2) The indirect method. This is performed after 
passive transfer of antibody from a body fluid 
(blood, serum, seminal plasma, cervical mucus, 
or follicular fluid) to donor sperm [32,33]. Donor 
sperm that have been found to be negative for 
antisperm antibodies by testing previously 
by the direct method are used for the passive 
transfer method. Body fluids from both men and 
women can be evaluated in this manner [4,18,27]. 
Because only a small sample of the fluid is needed 
for testing, the remaining aliquot may be stored 
for retesting or for comparison with another 
sample obtained at a later date. 


Detailed test procedures 
SpermMar (SPMAR) test 


SPMAR is used only for direct assays employing 
sperm from washed or unwashed ejaculates [22]. It 
can be easily incorporated into routine semen ana- 
lysis as a screening test, but positive results should be 
confirmed by IBT (especially of class IgG and IgA). 
Ortho Diagnostic Systems (Ortho, Raritran, NJ, USA) 
introduced a SPMAR kit that relies on an antiserum 
against the Fc component of human IgG to induce 
mixed agglutination between antibody-coated sperm 
and latex beads conjugated with human IgG [34]. 
Unwashed semen or washed sperm suspension 
(7-10 uL) is mixed with 10 uL of SPMAR latex particles 
and 10 uL of the antiserum against the Fc component 


of human IgG on a clean microscope slide. After 
placement of a coverslip, the mixture is observed for 
agglutination under a phase-contrast objective after 
2-3 minutes and after 10 minutes. The majority of 
10-minute readings on unwashed semen are unread- 
able because of excessive clumping and adherence of 
sperm and beads to debris. However, the 10-minute 
reading used for analysis of the washed sperm of the 
patient or the donor provides better results [34]. 


Mixed agglutination reaction (MAR) test 
This test for evaluation of antisperm antibodies in 
semen was initially introduced in 1978 [18]. However, 
widespread application of this test is limited in part by 
the inconvenience associated with procuring and pre- 
paring human IgG-sensitized erythrocytes as target 
cells for Ig-mediated mixed agglutination with sperm 
cells. Some reports have suggested that the SPMAR kit, 
which uses latex beads coated with IgG, may circumvent 
the use of erythrocytes [22,34]. When the kit is used to 
screen unwashed semen, it is better to evaluate agglu- 
tination within 2-3 minutes of mixing. SPMAR is more 
sensitive in identifying sperm with antibodies of the 
IgG class on their surface. The MAR test, on the other 
hand, does not require a sperm-washing step and 
should, therefore, be both time- and cost-effective. 

The data suggest that when 10% or more of the 
sperm are agglutinated to beads in the SPMAR or 
MAR test, additional investigation of the semen and/ 
or serum for the presence of antisperm antibodies is 
probably indicated [34]. Because clinical experience 
with SPMAR or MAR currently is limited, all positive 
results should be confirmed by the better-established 
IBT, as discussed below. 
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IBT assay 


Materials 


(1) immunobead reagents (rabbit anti-human IgG, 
IgA, and IgM) - (Irvine Scientific, Santa Ana, CA, 
USA); 

(2) positive and negative controls - frozen serum 
aliquots; 

(3) antisperm antibody-negative normal donor 
semen sample (fresh ejaculate); 

(4) sperm washing medium (Cat. # 9983, Irvine 
Scientific, Santa Ana, CA, USA); 

(5) spermfuge - Adams Compact II centrifuge (Cat. 
#0235, Beckton Dickinson, Sparks, MD, USA) - a 
fixed-speed centrifuge for sperm processing; 

(6) various pipettors, clean glass slides, coverslips; 

(7) self-standing conical dispo-beakers (3.0 mL 
capacity); 

(8) phase-contrast microscope with 20x and 40x 
objectives. 


Protocol 

Direct immunobead test 

In our laboratory, the test is performed by mixing 10 uL 
of washed sperm suspension (approximately 5 x 10° 
motile sperm/mL) with 10 uL of the appropriate immuno- 
bead reagent (6 mg/mL of IgG, IgA, or IgM) on a slide 
covered with a standard (22 x 22 mm) coverslip. The slide 
is incubated in a moist chamber at room temperature 
for 10 minutes before evaluation using phase-contrast 
optics (200x to 400x magnification). A test is positive if 
more than 20% of the motile sperm have two or more 
attached beads [34]. The percentage of motile sperm 
bound to beads is recorded, along with the pattern of 
binding, i.e., head (H), midpiece (M), tail endpiece 
(T), or entire sperm (E) [26,30]. 

An indirect IBT (see below) is performed on sem- 
inal plasma if there are not enough motile sperm 
to perform a direct test. Seminal plasma is prepared 
by filtering the semen through a 0.45 um or 0.8 um 
Millipore filter (disposable) or by centrifugation. 
Semen with increased viscosity and clumps should be 
passed through a 21G needle before filtering. Seminal 
plasma can be tested without heat inactivation of the 
complement [32]. 


Indirect immunobead test 

In our laboratory, an antibody-positive and a negative 
serum suspension are simultaneously tested as con- 
trols. Specifically, the unknown test serum, previously 


stored at -20 °C, is heated at 56 °C for 30 minutes along 
with the control seraaliquotstoinhibitthe complement. 
Freshly obtained semen sample from a normal donor 
(with negative antisperm antibodies) is processed 
to collect motile spermatozoa by either swim-up or 
swim-down technique using warm sperm wash media. 
Sperm suspension is washed by centrifugation (300 x g 
for 6-8 minutes), and the number of motile spermato- 
zoa is determined using a phase-contrast microscope 
at 200x magnification. An aliquot (0.1 mL) of washed 
sperm suspension (8-10 x 10° motile sperm) is mixed 
with a 0.1 mL aliquot of the test serum (and the con- 
trols) and diluted to 1.0 mL with medium in a con- 
ical dispo-beaker (23.0 mL capacity). Following 60 
minutes of incubation at 37 °C, the sperm are washed 
with 2-3 mL medium for three successive washings as 
described above. A final suspension is prepared using 
20-80 uL volume of medium (depending upon size of 
sperm pellet) for IBT testing. Anti-IgA, IgG, and IgM 
immunobeads are suspended individually (6 mg/mL 
media) and washed once. 

The test is performed by mixing 10 uL of washed 
donor sperm suspension prepared as above with 10 uL 
of the appropriate immunobead reagent (IgA, IgG, or 
IgM) on a clean glass slide, and covered with a stand- 
ard (22 x 22 mm) coverslip. The slide is incubated at 
temperature (25-37 °C) in a moist chamber for 10 
minutes before being read under the phase-contrast 
optics (200x or 400x magnification). The number of 
motile sperm bound to beads is recorded, along with 
the number of beads and their location, i.e., sperm 
head (H), midpiece (M), tail endpiece (T), or entire 
sperm (E). It is important that the normal ranges are 
determined in each laboratory. 

A common practice is to do a one-step prelimin- 
ary screening using a mixture of immunobeads (IgA, 
IgG, and IgM) prepared as described above, followed 
by secondary testing of positives by these individ- 
ual immunobeads. Our experience over the last few 
years suggests such preliminary screening for IgG 
and IgA-class antibodies only. Sera are rarely posi- 
tive for IgM-class antibodies alone, and it is believed 
that, compared to IgA and IgG, the IgM-class anti- 
bodies are not clinically significant for evaluation of 
immunologic infertility [34] . 


Data interpretation 
Lab results 


The endpoint in these tests is to determine the per- 
centage of motile sperm that bind to immunobeads. 
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The test is considered positive if = 20% of the motile 
sperm have = 2 attached beads. We consider a bind- 
ing of 15-20% with a minimum of two beads attached 
toa motile sperm as “gray area, and the test is repeated. 
It is not known exactly what degree of sperm immuno- 
bead binding may indicate a clinically significant level 
of antisperm antibodies. Some centers consider bead 
binding of 50% or more of the sperm populationas clin- 
ically significant [7,35], while others have considered 
that if 20% or more sperm bind to beads, the antibody 
levels should be considered positive [13,14,26,36]. Our 
own experience with the assay suggests that no single 
numerical value for bead binding can be considered 
clinically significant at this time; this is especially 
true when the results are compared from one labora- 
tory to another. 

Depending on the region of the sperm to which the 
antibody is attached, different sperm functions may 
be affected [26]. For example, antibodies attached to the 
sperm tail may hinder sperm motility and transport, and 
those attached to the head region could interfere with 
sperm binding to the zona pellucida or block entry of 
the sperm into the ooplasm itself [3,5,36]. In the pres- 
ence of antisperm antibodies of the IgG and IgM classes, 
complement-mediated cell damage may reduce the lon- 
gevity of these spermatozoa and thus reduce the sperm 
numbers that are available for upward migration to the 
site of fertilization. Antisperm antibodies could inter- 
fere with ion pumps or channels that regulate intracel- 
lular ion concentrations. It is possible that antisperm 
antibodies could also induce a premature and inappro- 
priate acrosome reaction by promoting clustering of 
intramembranous particles or through sublethal com- 
plement-mediated damage to sperm-head membranes. 


Clinical significance 

The region of bead binding is an important factor 
in determining clinical significance [33]. The immu- 
noglobulin type must also be considered when results 
are interpreted, as IgA may be more detrimental than 
IgG. Thus, the prevalence of IgA in primary immu- 
nologic male infertility patients may explain the poor 
prognosis for such cases. In comparison, immunologic 
infertility secondary to vasectomy shows predomin- 
ance of IgG [31]. Nevertheless, the information pro- 
vided by the IBT on the location of antibody binding 
and class of antibody can be used in conjunction 
with the clinical history and other relevant stud- 
ies to provide the clinician with important data for 
the management of infertile couples with potential 


immunologic infertility [37]. Initial clinical reports 
from in-vitro fertilization programs confirm that 
head-directed antibodies, particularly of the IgA class, 
can interfere with fertilization, likely through interfer- 
ence with sperm-zona interaction [38]. 

In a fertility clinic practice, the assessment of cir- 
culating antisperm antibodies by passive transfer to 
donor sperm (indirect assay) is necessary in: 

(1) the workup of the female; 

(2) evaluation of men prior to vasectomy reversal; 
and 

(3) assessing the progress of therapy in men and 
women with immunologic infertility. 


The female partner should initially be tested by circulat- 
ing antisperm antibodies in serum. Unlike low to mod- 
erate levels of sperm surface-bound antibodies, high 
levels of circulating antibodies may indicate severely 
reduced chances of successful treatment by IVF or 
donor insemination [39]. Regarding the relevance 
of sperm antibodies to infertility, it can be clinically 
argued that “if a patient with positive sperm antibody 
results achieved a pregnancy, then sperm antibodies 
must be irrelevant” [40]. However, in such cases the 
possibility of “false positive” results cannot be ruled out, 
especially due to lack of standardization of antisperm 
antibody testing. There are many factors (e.g., testing 
insufficiently diluted serum or using serum without 
inhibiting the complement) that can lead to such false 
positive results. Many laboratories test undiluted or 
quarter-diluted serum. A dilution of 1/10 should be the 
minimum serum dilution used, in order to minimize 
nonspecific binding factors. However, this criter- 
ion alone is not sufficient to conclude that a patient 
has “immunoinfertility” or “sperm autoimmunity.’ It 
is important to reserve these terms for cases in which 
either IgA or IgG sperm antibodies have been unequiv- 
ocally detected and there is evidence of poor cervical 
mucus penetration by spermatozoa and/or repeated 
negative postcoital test, indicating functional impair- 
ment consistent with infertility or subfertility. 


What course should be followed if the female partner 
has sperm antibodies? 

If the patient has a positive indirect IBT for IgA-class 
antibodies in cervical mucus, associated with poor 
cervical mucus penetration results, but relatively low 
titer ( 1/100) of circulating antibodies in serum, then 
the patient has a reasonable chance of conceiving by 
intrauterine insemination of her partner’s semen or 
washed spermatozoa (assuming essentially normal 
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semen quality). High-titer antibodies (> 1/1000) give 
a generally poor prognosis [39,40]. 


Advantages and limitations of IBT 
Advantages 


The test offers a number of advantages in both clin- 

ical and research studies: 

(1) This method has demonstrated the ability to 
identify the class of immunoglobulin (IgG, IgA, 
IgM) that can be associated with the sperm. 

(2) The anatomical location of the immunoglobulin 
on the sperm surface (head, midpiece, tail, or 
entire surface) can be determined. 

(3) The method requires no specialized equipment, 
makes use of widely available reagents, and is 
simple and very informative. 

(4) An IBT titer can be very useful for monitoring a 
patient’s response to corticosteroid treatment. 
For example, tail-tip antibodies do not significantly 
affect cervical mucus penetration or fertilization 
and often occur in fertile individuals [38]. There 
is also evidence that antibody titer is correlated 
directly with the severity of sperm functional 
impairment and inversely with fecundability [37]. 


Limitations 


(1) The subjective nature of the assessment requires 
substantial decision making by the observer in 
selecting sperm for counting and in deciding 
when and where beads have attached to sperm. 

(2) The reproducibility of this method has never 
been rigorously studied in a standardized 
manner. 

(3) The inherent technical and biological variability 
in the test could complicate the transfer of 
standards from one laboratory to another. 

(4) Strict quality control, including the repetitive 
testing of a pooled or single positive serum 
source, is therefore essential for the clinical 
application of the test. 


Quality control management 
Variability 


There is always some variability of the test even in 
the hands of an experienced technician. Studies have 
indicated that bead binding to the sperm tail is occa- 
sionally higher with SPMAR than with IBT, while the 


reverse may be true with bead binding to the head. 
Immunoglobulin of the IgA class may have addi- 
tional prognostic significance if present on sperm. 
Because SPMAR does not detect IgA, assays for IgA 
should be carried out by IBT when SPMAR tests are 
positive [31]. It is unlikely that many IgA-positive 
specimens will be missed when semen is screened 
for antisperm antibodies using SPMAR, because 
sperm-surface IgA is almost always found in asso- 
ciation with IgG [36]. In managing quality control, 
especially for indirect IBT, besides preference for 
employing single sperm donor, the use of positive 
and negative serum controls is very important for 
each assay. Some additional factors that should be 
looked into while managing variability and quality 
control are listed below. 

(1) If different sperm donors are used for indirect 
assay, an arc sine variance stabilizing 
transformation can be applied to the portions 
of sperm with each binding pattern before 
further analysis is done [26]. The goal of the 
analysis should be to quantify the relative 
contribution of between-man difference to the 
total variability in the proportions of sperm in 
each binding category. Therefore, a variance 
components analysis could be carried out. The 
variance between these long-term means from 
different men in the donor population is called 
the “between-man” variance. The computer 
program in SAS can estimate such a variance. 
The reasons for these differences are unclear. 
There are no data on large-scale clinical studies 
that relate pregnancy outcome to either IBT 
or SPMAR results [34]. Therefore, neither test 
can be considered a “gold standard.” A positive 
result in either test should raise a suspicion of 
an immunological factor; the higher the level of 
bead binding, the greater the suspicion [39]. The 
fact that the component of variance between 
different sperm donors for the indirect assay 
may be relatively low might suggest that 
technical variables in the assay are more 
influential than biological variability. Many 
biological factors may induce variation from 
ejaculate to ejaculate, both within and among 
donors, including variability in antigen masking 
by epididymal and seminal plasma components. 

(2) The competition among antibodies of different 
classes from nearby binding sites could result in 
masking effects. 
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Table 37.1. Hypothetical situation in which percentage of men with antisperm antibodies in serum (predicted positives) can be 
expected to have antibodies on the sperm surface (true positives). Results will vary for each testing laboratory 


Sensitivity (Sn) of IBT Specificity (Sp) of IBT 


Prevalence of patients with antisperm 


Predicted positive 


test on serum (%) test on serum (%) antibodies on sperm surface (SS) (%) (PP) (%) ° 
100 75 20 50 
100 75 5 41 
100 65 20 42 
100 65 5 34 
95 75 20 49 
OS 75 5 40 
95 65 20 40 
95 65 5) 32 
> Sn x SS 
Sn x SS + (1 - Sp)(1 - SS) 
Thus, the lower the specificity of IBT in a testing lab, the lower the predicted value of true positives. Sensitivity of IBT plays a minor role. 


(Adapted from Parslow JM et al. The effects of sperm antibodies on fertility after vasectomy reversal. Am J Reprod Immunol 1983; 3: 28-34.) 


(3) Our experience also supports the observation by 
others that circulating antisperm antibodiesin 
women can most accurately be assessed using their 
partner’s own sperm for antibody transfer [26]. 

(4) Studies involving passive antibody transfer for 
evaluating multiple serum sources should 
utilize a single sperm donor in order to 
minimize the sources of variability in the 
experiments. Similar precautions are appropriate 
for assessing longitudinal changes in antibody 
levels associated with therapy. 

(5) Substantially more data on the relationship of 
the test results to fertility will be required before 
absolute values for “abnormal or “clinically 
significant” results are established [31]. In 
the meantime, the test results cannot be used 
quantitatively without regard to the clinical 
history and results of other laboratory tests. 
These data may be important to the clinician in 
assessing the role of immunologic phenomena in 
the evaluation of infertility of a couple. 


Proficiency testing 


Such variability can be monitored by frequent evalu- 
ation of positive control data, and any shift or drift 
in these results should be evaluated with appropri- 
ate corrective actions. Fertility labs should participate 
in proficiency testing with unknown samples that are 
shipped to various participating labs at regular inter- 
vals as part of a proficiency challenge testing for quality 
assurance purposes. 


Pitfalls and recommendations 


It is important to determine the sensitivity, specifi- 
city, and predictive value of a serum screening proto- 
col in identifying a man as having clinically significant 
amounts of antisperm antibodies on the spermatozoa. 
Under the worst (but realistic) conditions of test sensi- 
tivity of 95%, specificity of 65%, and prevalence of true 
positives in semen of 15%, only about 32% of patient 
semen samples would be positive in spite of a “posi- 
tive” value in the sera (Table 37.1). Even with 100% test 
sensitivity, the percentage of antibody-positive serum 
samples that would lead to a positive test in semen 
would not exceed 50%. These calculations under- 
score the necessity of testing the semen directly for 
antibodies whenever a “positive” serum value is 
obtained [39]. 

The key question remains, what is the appropri- 
ate course of action after sperm antibodies have been 
detected in either male or female, or both? If the 
antibody test was initially performed on the patient's 
serum using an indirect assay, then the following steps 
should be followed: 

(1) repeat the indirect IBT on serum, including 1/100 
and 1/1000 serum dilutions; 

(2) perform an IBT on semen and/or cervical 
mucus; 

(3) ifnot already done, test for sperm cervical mucus 
penetration. 


It appears that a screening protocol for evaluation of 
circulating antisperm antibodies of the IgG class can 
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be nearly 100% sensitive for predicting sperm-surface 
IgG antibodies. However, the data are inadequate to 
support strong conclusions regarding the sensitivity 
of serum IgA in predicting seminal IgA [14]. The true 
positive predictive rate for antisperm antibodies on the 
sperm surface using circulating antisperm antibodies 
as a screening assay was estimated to be as low as 35%. 
A positive screen dictates that a direct assay on sperm 
should be performed [36]. 


Future directions: what is next? 


Since mature sperm first form at puberty, long after 
recognition of self has occurred, they have anti- 
genic determinants that are capable of stimulating an 
immune response. In fact the sperm are usually blocked 
from eliciting an immune response by the blood-testis 
barrier and the male genital tract. However, certain 
events that compromise these biological barriers 
(e.g., vasectomy, trauma during sexual activity, tor- 
sion, infection or obstruction, testicular biopsy, and 
genetic predisposition, etc.) may lead to the develop- 
ment of antisperm antibodies. 

The presence of circulating antibodies indicates a 
humoral immune response to sperm cell antigens. It 
is known that the presence of circulating antibodies 
does not necessarily imply their presence within 
reproductive tract secretions, and in the case of semen 
the antibodies in seminal plasma may not be represen- 
tative of those on the sperm surface. However, there 
may be valid clinical or logistical reasons to test for 
antisperm antibodies in blood serum. 

The IBT is a sensitive and specific test for detec- 
tion of sperm antibodies in serum or reproductive 
tract secretions. So far there is a complete lack of cor- 
relation between a commercially available ELISA kit 
and the IBT. Preliminary experiments have also dem- 
onstrated poor correlation between standard Western 
blotting procedures and IBT. However, it is still safer to 
use live sperm assays (e.g., direct IBT) for diagnostic 
screening purposes. Titration using a tenfold dilution 
series gives a valuable indication of antibody levels in 
serum or other body fluids, but it lacks sensitivity for 
patient monitoring. 

It is generally acknowledged that the direct IBT 
method (rather than the indirect IBT) for measuring 
antibodies on the surface of the patient’s sperm is the 
preferred approach for workup of the infertile male. 
However, the IBT is currently available only in a lim- 
ited number of clinical laboratories. It may be difficult 
to schedule a great number of patients from remote 


locations to give semen specimens. Logistically, it is 
easier to send a serum sample by mail, store the sam- 
ples in a freezer, and at a convenient time perform a 
number of assays concurrently. In this way, a test may 
be repeated or samples may be compared in the same 
assay with specimens obtained later in the patient’s 
diagnostic workup or therapy. However, the value and 
limitations of screening men for antisperm antibodies 
by tests on blood sera are not currently known. New 
standardized tests for quantitative antisperm anti- 
body testing are needed, and are in development [41]. 

The IBT provides information on immunoglobulin 
class, and on the anatomical location of sperm-surface 
antibodies, that is not provided by other classical tests. 
This information may have clinical value for cases of 
immunologic infertility in assessing the prognosis for 
fertility and in choosing the therapeutic approach. The 
relationship of these characteristics of circulating 
antibodies to those of the sperm-surface antibodies 
is also unknown, and is of scientific and clinical 
interest. 

Particularly, we assume that only those antibodies 
which are bound to the sperm surface are clinic- 
ally significant and have the ability to interfere with 
the sperm transport or fertilization [3]. Fertilization, 
embryo development, and pregnancy rates after intra- 
cytoplasmic sperm injection (ICSI) have not been 
found to be influenced significantly by the proportion 
of antisperm antibody-bound spermatozoa, nor by 
the type or location of the antisperm antibodies, sug- 
gesting that ICSI should be the primary choice for 
patients who have very high (> 80%) antisperm anti- 
body binding in their semen. 


Conclusions 


In conclusion, a positive test for antibodies, particu- 
larly of the IgA class, in sera and on the sperm sur- 
face appear to imply a poorer prognosis for male 
fertility. Assays that have measured sperm-surface 
antibody binding have included the radiolabeled anti- 
globulin test, indirect immunofluorescence, mixed 
agglutination reaction (MAR) using human red blood 
cells coated with human immunoglobulin, and the 
immunobead rosette test (IBT). The IBT is a simple, 
sensitive, and specific test for routine sperm anti- 
body screening of semen, cervical mucus, serum, or 
follicular fluid. Immunofluorescence assays do not 
distinguish antibody attachment to living sperm and 
thus may lead to false positive results when antibodies 
directed against internal sperm antigens are detected. 
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The IBT has been widely accepted as a reliable screen- 
ing test for sperm antibodies. The role of antisperm 
antibodies in infertility often may be more relative 
than absolute. Improvements in antisperm antibody 
assays enable us to: (1) quantify the number of sperm- 
carrying antibodies, (2) identify the class of immuno- 
globulin involved, and (3) identify the location of 
antibody binding to the sperm. At best, our treatments 
employing immunosuppression and sperm washing 
have been marginally effective. ICSI is currently the 
“gold standard” for men with high antisperm antibody 
binding levels (> 80%), and for those who fail simpler, 
less costly, and less invasive reproductive therapies 
for immunologic infertility. Additional emphasis on 
research with new approaches and the development 
of new biomedical technologies will give promise to 
this area of investigation. 
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Introduction 

Elevated concentrations of white blood cells (WBCs) 
in semen have been associated with genital tract 
infections [1,2] and poor semen quality, includ- 
ing decrements in sperm concentration, motility, 
morphology, and DNA integrity [3-14]. The World 
Health Organization (WHO) defines leukocytosper- 
mia as seminal WBC concentrations greater than 10°/ 
mL [15,16]. Elucidating the interaction between leuko- 
cytospermia and genital tract infections, and its poten- 
tial role in infertility, depends on accurate assessment 
of WBCs in semen. Numerous techniques have been 
used in both research and clinical settings to detect 
seminal WBCs, and a summary and evaluation of 
several of the various methods are presented in this 
chapter. 


Round cell counts 


The nonspermatozoal cells in the ejaculate comprise 
primarily either immature germ cells or WBCs [17] 
and are collectively known as “round cells.” Direct 
counting of round cells in wet mounts, visualized by 
phase-contrast microscopy, has been widely practiced. 
However, because WBCs cannot be distinguished 
from immature germ cells using this method, total 
round cell counts are of no value for approximating 
WBCs in semen [18,19]. 


Bryan—Leishman or Papanicolaou 


stains 


The Bryan-Leishman [15,16,20] and Papanicolaou 
[15,16] stains, performed on semen smears, are 
intended to distinguish WBCs from immature germ 
cells. In particular, granulocytes can be differenti- 
ated from spermatids, and lymphocytes/monocytes 
from secondary spermatocytes. However, these tech- 
niques involve a lengthy laboratory preparation and 
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numerous steps, require a highly trained technician 
to ensure proper assessment of seminal round cells, 
and do not permit precise quantification of WBC 
[15,16,21-23]. 


Dipstick tests 

Wolff et al. surveyed a number of commonly used 
methods for the detection of male genital tract inflam- 
mation [23,24]. Leukocyte esterase urine dipstick 
tests, used in some infertility units to screen inflam- 
mation in semen, were found to be inexpensive as 
well as quick and easy to perform. However, the spe- 
cific dipstick that was tested (Cytur-Test, Boehringer, 
Mannheim, Germany) had a sensitivity of 57% and a 
specificity of 31% compared to the Endtz peroxidase 
method. Therefore, it was concluded that such dip- 
stick tests were not appropriate for clinical andro- 
logical use. 


Peroxidase tests 


In 1974, Endtz described a simple peroxidase test for 
enumerating WBCs in semen [25]. This method is 
now widely used, and a similar technique [26] has 
been recommended by the WHO [15,16]. Tests of 
peroxidase are easy to perform on wet mounts, and are 
quick, inexpensive, and reliable. These assays detect 
the peroxidase enzyme present in granulocytes, which 
are the predominant WBC in semen, and are import- 
ant indicators of acute infection and inflammation 
(Fig. 38.1). Peroxidase tests do not detect other WBCs, 
but because granulocytes represent 50-60% ofall WBCs 
in semen [27,28], peroxidase-positive cell concentra- 
tions correlate with total WBC counts as detected by the 
more technologically sophisticated immunohistology 
or flow cytometry tests [18]. For all the reasons stated 
above, the peroxidase assay has been determined to be 
the best method for the clinical detection of WBCs 
in semen at the present time [18,23]. 
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Granulocyte elastase test 


Granulocyte elastase, an enzyme specific to granu- 
locytes, is released from activated leukocytes. It 
has been quantified in human seminal plasma by 
an enzyme-linked immunosorbent assay (ELISA). 
Wolff and Anderson demonstrated good correlation 
(r = 0.70) of granulocyte elastase with total WBC 
concentrations in semen determined by immuno- 
histology [29]. Granulocyte elastase levels above 
1000 ng/mL were shown to be diagnostic for leuko- 
cytospermia, and high levels reportedly indicate male 
adnexitis [29,30]. The granulocyte elastase ELISA has 
the advantage of being quantitative, and is suited for 
batch testing of frozen specimens. This assay meas- 
ures the level of granulocyte activation in an ejaculate. 
Most studies have correlated WBC or granulocyte 
numbers with semen parameters; if granulocyte 
activation is an important factor in male infertility, 
the elastase test could prove to be a better indicator 
of WBC-induced male infertility than conventional 
seminal WBC counts [21]. One drawback to this 
method is that it is relatively expensive compared to 
peroxidase tests. 


Immunohistology 


In addition to granulocytes, other WBC types are also 
present in semen and may affect fertility. Specifically, 
macrophages represent 20-30% of all WBCs in semen, 
whereas T lymphocytes only 2-5%. Plasma cells and 
B lymphocytes are rarely detected in semen [27,28]. 
Immunohistology enables quantitation of total 
WBC in semen [27,28,31]. Individual subtypes can be 
enumerated by detecting WBC phenotypic antigens 


Fig. 38.1. Detection of peroxidase- 
positive granulocytes in semen using 
a hemocytometer and the method 
of Endtz [25] (x 200). 


with specific monoclonal antibodies (Fig. 38.2). This 
approach is considered the “gold standard” of semen 
WBC assessment techniques; however, it requires 
training, and is time-consuming and expensive 
[22,23,27,28,31]. 


Flow cytometry 


The use of automated instrumentation in the androl- 
ogy laboratory, such as computer-assisted semen ana- 
lysis, has increased considerably over the past 20 years. 
Thus, flow cytometry holds promise for quick, accur- 
ate, and relatively inexpensive measurement of WBC 
in semen. Flow cytometry is a method frequently used 
in the field of cellular immunology, and can accurately 
analyze thousands of cells in a few seconds. Recent stud- 
ies have raised the possibility of utilizing flow cyto- 
metry for a number of andrological measures, including 
assessing seminal WBC [32-42]. Ricci et al. compared 
the peroxidase and granulocyte elastase assays with 
a flow cytometry method in combination with pan- 
leukocyte monoclonal antibodies [41]. They found 
that the two conventional tests displayed good speci- 
ficity, but only moderate sensitivity compared to the 
flow cytometry method. Interestingly, they found a 
significant correlation between WBC detected by the 
peroxidase assay and CD45+ cells from flowcytometry, 
in agreement with a previous paper that showed a simi- 
lar correlation when the same monoclonal antibody 
was used in an immunocytochemistry technique [18]. 
Thus, as flow cytometry becomes readily available to 
andrology laboratories, its efficient and economic 
use for seminal WBC counting and characterization 
becomes a possibility. 
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Conclusion 

While there are numerous methods available for 
detecting WBCs in semen, many of these techniques 
have disadvantages for clinical or research application. 
New technologies such as flow cytometry hold great 
promise for quick, precise and inexpensive assessment 
of WBCs in semen. However, at the present time, the 
peroxidase test is the method of choice for clinical 
assessment of leukocytospermia. 


Protocol for peroxidase test [18,25] 
Materials 


Stock solution 


50 mL distilled water 
50 mL 100% ethanol 
100 mg benzidine (Sigma) 


Dissolve benzidine in ethanol before adding distilled 
water. Store in the dark (use dark bottle or wrap con- 
tainer in aluminum foil) at 4 °C. This stock solution is 
stable for at least six months. 

Working solution 


4 mL stock solution 
5 uL 30% hydrogen peroxide 


Store in dark container at room temperature. The work- 
ing solution is stable for at least one month. 
Diluent 


Normal sterile saline (0.151 M sodium chloride) 


Fig. 38.2. Detection of CD4+ lympho- 
cyte in semen using the immunohisto- 
logical method of Wolff and Anderson 
[28] (x 1000). 


Test procedure 


The ejaculate is collected by masturbation into a 
sterile specimen cup after a minimum of 48 hours 
of abstinence and liquefied for 30 minutes. Twenty 
microliters of peroxidase test working solution are 
mixed with 20 uL of liquefied ejaculate and incubated 
for five minutes at room temperature. Twenty micro- 
liters of this solution are then added to 20 uL of saline 
immediately before counting. Ten microliters of the 
diluted specimen are loaded into a hemocytometer, 
and peroxidase-positive (i.e., intensely brown-stained 
round cells the size of granulocytes, Fig. 38.1), as well 
as peroxidase-negative (unstained) round cells, are 
differentially counted at 400x magnification on a 
microscope. 

Of note, benzidine is a carcinogen. Benzidine pow- 
der and concentrated solutions should be handled with 
extreme caution. The concentration of benzidine in the 
final diluted sample is below that considered to consti- 
tute a health risk by the Occupational Safety and Health 
Administration. 
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Introduction 


Determination of seminal oxidants is fast emerging 
as a significant diagnostic and prognostic tool in 
infertility clinics, andrology, and assisted reproduc- 
tion laboratories. This is because reactive oxygen 
species (ROS) play an important role in the patho- 
physiology of damage to human spermatozoa [1,2]. 
ROS are highly reactive oxidizing agents belonging to 
the class of free radicals [3]. A free radical is defined 
as “any atom or molecule that possesses one or more 
unpaired electrons” [4]. Spermatozoa generate ROS 
in physiological amounts, which play a role in such 
processes as sperm capacitation, acrosome reaction, 
and oocyte fusion [5]. However, uncontrolled and 
excessive production of ROS, when it overwhelms 
the limited antioxidant defenses in semen, results in 
seminal oxidative stress [6]. 

Reports have indicated that high levels of ROS 
are detected in semen samples of 25-40% of infertile 
men [7,8]. The production of abnormal levels of ROS is 
thought to be involved in many aspects of male infer- 
tility in which spermatozoa are rendered dysfunctional 
by altered plasma membrane due to lipid peroxidation, 
DNA damage, and impaired metabolism, morphology, 
motility, and fertility [9]. Spermatozoa are highly sus- 
ceptible to damage induced by ROS because of the high 
content of polyunsaturated fatty acids within their 
plasma membranes and a low concentration of scaven- 
ging enzymes within the cytoplasm [10,11]. However, 
“high ROS” is still an unclear concept, because patho- 
logical levels of ROS in infertile semen samples have 
not been defined accurately. 

An oxidative stress (OS) test may accurately dis- 
criminate between fertile and infertile men and iden- 
tify those with a clinical diagnosis of male-factor 
infertility who are likely to initiate a pregnancy if 
they are followed over a period of time. In addition, 


ą Determination of seminal 
oxidants (reactive oxygen species) 


such a test can help select subgroups of patients with 
infertility in which oxidative stress is a significant 
factor, and those who may benefit from antioxidant 
supplementation. In the absence of a standard proto- 
col to assess seminal oxidants, there is no consensus 
concerning the inclusion of OS analysis as part of the 
routine diagnostic workup of an infertile male. This 
chapter will therefore discuss the available techniques 
which can be used to measure OS in semen. 


Types of seminal oxidants 


Seminal oxidants represent two broad categories of 
molecules, the first being oxygen-derived radicals and 
nonradicals called reactive oxygen species (ROS), 
e.g., the hydroxyl radical (OH), superoxide anion (O,), 
hydrogen peroxide (H,O,), and the hypochlorite radi- 
cal (OHCI). The second category is nitrogen-derived 
free radicals called reactive nitrogen species (RNS), 
e.g., nitric oxide (NO) and nitrous oxide (N,O). These 
nitrogen-derived radicals are sometimes considered a 
subclass of ROS [12]. 


Source and mechanism of 
generation of ROS 


Human semen consists of different types of cells such 
as mature and immature spermatozoa, round cells at 
different stages of spermatogenesis, leukocytes, and 
epithelial cells. Leukocytes and immature sperm- 
atozoa are the two main sources of ROS [13-15]. 
Polymorphonuclear neutrophils generate ROS in 
response to a variety of chemical and bacterial stim- 
uli and overwhelm a spermatozoon’s ability to repair or 
compensate for damage [16,17]. Potent chemoattract- 
ants such as formyl methiony] leucyl phenylalanine 
(FMLP) and phorbol myristate acetate (PMA) stimu- 
late the leukocyte system to generate ROS via discrete 
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pathways [18-20]. ROS produced by leukocytes forms 
the first line of defense in any infectious process and 
is significantly and positively correlated with pro- 
inflammatory cytokines [21]. In human sperm, ROS 
are generated by two major systems: nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase 
at the level of sperm plasma membrane and the nico- 
tinamide adenine dinucleotide (NADH)-dependent 
oxidoreductase (diphorase) system at the mitochon- 
drial level [22]. Studies suggest that defects in spermio- 
genesis that result in retention of cytoplasmic droplets 
lead to ROS formation [23]. A strong positive correl- 
ation exists between immature spermatozoa and ROS 
production, which in turn is negatively correlated with 
sperm quality [1,2]. 


Currently available tests for detecting 
seminal oxidants 


The various methods used for measuring seminal oxi- 
dants are described below (Fig. 39.1). 


Direct measurement of ROS 


Chemiluminescence 

Chemiluminescence assay is the most commonly used 
method for measuring the concentration of ROS 
within seminal fluid or sperm cell suspension [6,24]. 


Method 

Oxidative end products produced by an in-vitro reac- 
tion between ROS and certain reagents produce alight 
signal that is converted to anelectrical signal (photon), 
which is measured with a luminometer. Two major 
reagents or probes are used to assess ROS generated 
by spermatozoa: luminol (5-amino-2,3-dihydro-,1,4- 
phthalazinedione; also, 3-aminophthalic hydrazide) 
and lucigenin (N,N’-dimethyl-9,9’-biacridinium 
dinitrate) [25]. 

Luminol is a sensitive chemiluminescent probe 
that provides robust assay results that are highly 
correlated with sperm function. It is the most inten- 
sively investigated and the most frequently used 
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ROS-TAC 
Score DE 
By Principal Antioxidants RNS 
Component 
Analysis 
Direct Indirect 
v 4 4 HI 


1. Chemiluminescence 


2. Nitro BlueTetrazolium (NBT) 
Test 


3. Cytochrome c Reduction Test 
4. Flow Cytometry 
5. Electron Spin Resonance 


6. Xylenol Orange Based Assay 


1. Myeloperoxidase or Endtz test 
2. Redox Potential GSH/GSSG 
3. Lipid Peroxidation Levels 


a. Thiobarbituric Acid- 
Reactive Substances 
b. lsoprostane Method 


4. Chemokines 
5. DNA Damage 


1. Enzymatic Antioxidants 


a. Catalase 
b. Glutathione Peroxidase 
c. Superoxide Dismutase 


2. Non-Enzymatic Antioxidants 
3. Total Antioxidant Capacity 


a. Enhanced Chemiluminescence 
Assay 
b. Colorimetric Assay 


1. Griess Reaction 


2. Fluorescence Spectroscopy 
a. Diaminonapthalene Assay 
b. Diaminofluoroscein-2 Assay 


Fig. 39.1. Flowchart demonstrating various methods available to measure seminal oxidative stress. GSH 


, reduced glutathione; GSSG, 


oxidized glutathione; RNS, reactive nitrogen species; ROS, reactive oxygen species; TAC, total antioxidant capacity. 
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dye in clinical chemical ROS measurements. Being 
uncharged, it is a membrane-permeable molecule 
that can react with a variety of free radicals, both 
intracellularly and extracellularly, like the superox- 
ide anion and the hydrogen peroxide and hydroxyl 
radicals. Therefore, it is unable to differentiate 
between various types of ROS and between intra- and 
extracellular ROS. Luminol has a very short half-life, 
thereby allowing for rapid measurement of ROS. The 
quantum yield of luminol is about 2%, among the 
highest known. Fundamentally, it measures redox 
activity, which is characterized by the cellular gen- 
eration of oxidizing species. Superoxide (O~) is an 
essential intermediate in the creation of luminol- 
dependent chemiluminescence. Hence any univalent 
oxidant that has the potential to generate O, can pro- 
duce chemiluminescence in the presence of luminol, 
including ferricyanide, xanthine oxidase, persulfate, 
hypochlorite, and peroxynitrite [25,26]. 

Lucigenin, being positively charged, is relatively 
membrane-impermeable and responds particu- 
larly to the superoxide anion in the extracellular 
space [25,27]. However, the chemiluminescence cre- 
ated by cellular generation of O, cannot be readily 
distinguished from redox cycling of lucigenin [26]. 
Therefore, lucigenin is not reliable as a probe for evalu- 
ating superoxide production, although it does have 
value as a nonspecific redox marker for enhanced elec- 
tron transfer activity associated with defective sperm 
function [28]. 

Examples of chemiluminescent probes that do not 
create a redox cycle, and hence can be used for quantifi- 
cation of superoxide anion, include cypridina luciferin 
analog2-methyl-6-phenyl-3,7-dihydroimidazo[1,2-a] 
pyrazin-3-one [29] and coelenterazine [30]. 


Applications 
A variety of luminometers can be used to measure 
the light intensity resulting from the chemilumines- 
cence reaction. Current luminometer models use two 
different processing designs. The photon-counting 
luminometers count individual photons, whereas 
direct-current luminometers measure electric current, 
which is proportional to the photon flux. Results are 
expressed either as counted photons per minute (cpm), 
as relative light units (rlu), or as millivolts per second 
(mV/s). Three types of luminometers are available 
commercially: 
(1) Single/double-tube luminometers - these can 
measure only 1-2 samples at a time and are 
suitable for small research laboratories. 


(2) Multiple-tube luminometers - these are expensive 
and are more suited for centers that regularly 
engage in research. 

(3) Plate luminometers - these can analyze multiple 
samples on a single disposable plate and are 
suitable for commercial entities and core research 
laboratories. 


When luminometers are compared, the coefficient of 
variation (percent change over a set of readings) and 
lower limit of detection (minimum sample quantity 
required for the instrument to generate response) 
should be considered [31]. 

Multiple factors may affect and confound the 
chemiluminescent reaction. The person who operates 
these instruments should be familiar with all these fac- 
tors in order to achieve consistently accurate results. 
Some of these factors are as follows: 


(1) Leukocyte contamination - as discussed earlier, 
leukocytes are a major source of ROS. Thus there 
is a strong possibility that the responses represent 
leukocyte contamination rather than abnormal 
redox activity of spermatozoa [32,33]. In light 
of these findings, leukocyte removal strategies 
based on the use of CD45-coated magnetic beads 
[34] to remove leukocytes selectively from sperm 
suspensions can be used in conjunction with 
leukocyte-specific agonists such as FMLP [35] or 
opsonized zymosan to assess the redox activity of 
human sperm suspensions. 

(2) Analysis time - the assay is best conducted within 
one hour of sperm isolation from the seminal 
plasma [24], because the chemiluminescent 
activity of seminal oxidants declines with 
time [36]. 

(3) Samples with poor liquefaction give poor 
chemiluminescent signals, as seminal plasma 
constituents may interfere with underlying free 
radical chemistry of the spermatozoa [28]. 

(4) Repeated centrifugation stimulates ROS 
production because of mechanical shearing forces 
[37]. Therefore, centrifugation regimes used in 
preparation of spermatozoa need to be standardized. 

(5) Bovine serum albumin, which is used to 
supplement culture media, can generate spurious 
chemiluminescence signals in the presence of 
human seminal plasma [38]. 

(6) Chemiluminescent signals, especially those 
generated by the probe luminol, are sensitive to 
changes in the pH of the medium [28]. 
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Limitations 

The chemiluminescence assay is a nonspecific test, 
because it measures the total ROS activity in semen. 
It does not provide any information on the differen- 
tial contribution of spermatozoa and leukocytes to 
ROS production [39]. 


Nitro blue tetrazolium (NBT) test 

Method 

Nitro blue tetrazolium (NBT) isa yellow, water-soluble, 
nitro-substituted aromatic tetrazolium compound. It 
reacts with cellular superoxide ions to form a formazan 
derivative that can be monitored spectrophotomet- 
rically [40,41]. The oxidase system in the cytoplasm 
transfers electrons from cytoplasmic NADPH (gener- 
ated by hexose monophosphate shunt) to NBT, thereby 
reducing it to formazan. NBT can be used to stain 
individual cells (spermatozoa and leukocytes), and 
formazan precipitates can be measured to see NBT 
reduction. Thus NBT reaction reflects the ROS gen- 
erating activity in the cytoplasm of cells, and there- 
fore it can help determine the cellular origin of ROS in 
semen [42]. 


Applications 

NBT reduction is a readily available, easily performed, 
inexpensive, and highly sensitive test. This test can be 
used for assessing the differential contribution of 
spermatozoa and leukocytes to ROS production in 
semen [42]. 


Limitations 

NBT can also be reduced by many cellular reductases, 
and changes in the cellular content of various oxidore- 
ductases might alter the rates of NBT reduction [43]. 


Cytochrome c reduction test 

Method 

Superoxide formed by the electron transfer from a 
donor to molecular oxygen can be quenched by the 
reagent ferricytochrome c, which is reduced to ferro- 
cytochrome c. The reduction of ferricytochrome c to 
ferrocytochrome c is used to measure superoxide for- 
mation. Detection of superoxide is confirmed when 
addition of enzyme superoxide dismutase completely 
ceases the production of ferrocytochrome c from fer- 
ricytochrome c. 


Fe** cyt c + O} — Fe™ cyt c+ O, 


The rate constant has been estimated at ~1.5 x 10° M/s at 
pH 8.5 and room temperature. The spectrophotometric 


reaction is measured at 550 nm. The extinction 
coefficient for ferricytochrome c is 0.89 x 104 M/cm, 
and for ferrocytochrome is 2.99 x 10* M/cm. Emission, 
E =2.1 x 10 M/cm [44,45]. 


m550nm 


Applications 
This is the gold standard test for detecting extracel- 
lularly released superoxide in in-vitro assays [46]. 


Limitations 


(1) The assay is not absolutely specific for 
superoxide. Various enzymatic and 
nonenzymatic reductants present in in-vivo 
conditions are capable of cytochrome c 
reduction. This limits the application of the 
assay for in-vivo detection of the superoxide 
radical. It is therefore important that detection 
of superoxide be confirmed by complete 
annihilation of cyt-c reduction with externally 
added superoxide dismutase [47]. Cyt-c can 
also be acetylated to enhance its specificity for 
superoxide [48]. 

(2) The rate of superoxide formation can be 
underestimated, as the reduced cyt-c can be 
reoxidized by various oxidants such as hydrogen 
peroxide and peroxynitrite and enzymes such 
as cytochrome oxidases. To avoid this event, 
scavengers of oxidants (100 U/mL catalase for 
H,O, 10 mM urate for peroxynitrite) or enzyme 
inhibitors (10 uM cyanide for cytochrome 
oxidase) can be added [47]. 

(3) Cyt-c has limitations in measuring superoxide 
formation within intact cells as opposed 
to cellular or tissue extracts because of its 
restricted intracellular access [47]. 


Flow cytometry 
Method 
Flow cytometry can be used to detect ROS with the use 
of fluorescent probes: 2,7-dichlorodihydrofluorescein 
diacetate (DCFH-DA), dihydroethidine (DHE), and 
dihydrorhodamine 123. These compounds diffuse 
into the living cells. When oxidized by ROS, which 
is generated within the cell, they develop fluor- 
escence, the intensity of which can be measured by 
a flow cytometer. The quantification of fluorescence 
reflects the rate and quantity of the ROS produced 
intracellularly [49]. 

The percentage of cells with a high mitochon- 
drial membrane potential (MMP) can also be esti- 
mated using flow cytometry, with mitochondrial 
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probes. Furthermore, flow cytometry can distin- 
guish between viable and nonviable sperm popula- 
tions using dyes such as propidium iodide (PI) and 
Yopro-1, which can enter dead or apoptotic cells only 
[50,51]. 


Applications 

Flow cytometry analysis can be used to identify sperm 
populations that may be dysfunctional because of 
intracellular ROS. The assay has an added advantage 
over the most commonly used method of chemi- 
luminescence as it can measure intracellular ROS 
exclusively in the viable portion of the sperm popu- 
lation. Unlike flow cytometry, ROS measured by 
other methods may only be present extracellularly or 
in a small proportion of primarily nonviable sperm 
[51]. Moreover, specific probes can be used to detect 
specific intracellular free radicals, e.g., DFCH-DA 
for hydrogen peroxide and DHE for superoxide 
detection. 


Limitations 

The technique involves the use of a flow cytometer and 
software for data analysis, which are expensive, not eas- 
ily available, and require technical expertise. Although 
our laboratory has standardized this assay in human 
spermatozoa to measure both hydrogen peroxide and 
superoxide using DCFH-DA and DHE by single flow 
cytometry test, no studies are available in the literature 
regarding the use of this technique to detect ROS in 
human sperm. 


Electron spin resonance (ESR) or electron 

paramagnetic resonance 

Method 

ESR uses the magnetic properties ofunpaired electrons 
to detect free radicals directly. When an external mag- 
netic field is applied, the unpaired or the paramagnetic 
electrons present in the free radicals can exist in two 
different orientations, either parallel or antiparallel 
with respect to the applied field. These paramagnetic 
species absorb electromagnetic radiation and provide 
absorption spectra utilizing the energy of the electron 
spin state [52,53]. 


Applications 

ESR spectroscopy is the most direct and least 
ambiguous method for detecting free radicals of 
interest without artifacts from added chemicals 
[52]. Efforts are under way to develop this technique 


for the in-vivo evaluation of radical generation and 
redox status. 


Limitations 

It is an expensive and cumbersome technique. 
Moreover, ESR cannot detect oxidants such as super- 
oxide, NO, hydroxyl, alkoxyl, cysteinyl, or glutathiyl 
radicals, either because their concentration is below 
the detection limit of the present-generation ESR spec- 
trophotometers (~107 M) or because their spin relax- 
ation times are very short [54]. 

However, these problems could be overcome by 
adding spin-trap molecules such as nitroso and nitrone 
derivatives to the unstable free radicals, thereby con- 
verting them to more stable secondary radicals [54]. 
The absorption spectrum could then be obtained by 
applying external magnetic field to these spin-trapped 
free radicals. Nitroso compounds, such as 2-methyl- 
2-nitrosopropane (MNP), provide more information 
than nitrones, as the trapped radical adds directly to 
the nitroso nitrogen, whereas with the nitrones the 
trapped radical adds to a carbon adjacent to the nitro- 
gen. However, nitrones are the spin traps of choice for 
oxygen-centered radicals, as oxygen-centered radical 
adducts of MNP are quite unstable. To measure ROS 
in vivo, aromatic traps such as salicylate and phenyl- 
alanine can be used, as they are suitable for human 
consumption [55,56]. 


Xylenol orange-based assay 

Method 

This is a new colorimetric automated assay proposed 
by Ozcan Erel [57]. It is based on the principle that oxi- 
dants in sample oxidize the ferrous ion—o-dianisidine 
complex to ferric ion. The ferric ion makes a colored 
complex with xylenol orange in an acidic medium, the 
color intensity of which can be measured by a spec- 
trophotometer. The assay is calibrated with hydro- 
gen peroxide, and the results are expressed in terms 
of micromolar hydrogen peroxide equivalent per liter 
(umol H,O, equiv/L). The assay is performed by an 
automated analyzer and requires about 35 uL of semen 
sample. 

Applications 

It is claimed to be a rapid, easy, stable, reliable, sensi- 
tive, inexpensive, and fully automated assay [57]. 
Limitations 

It is a relatively new technique. Hence further research 
is needed to verify the diagnostic ability and practical- 
ity of the assay claimed by the inventors. 
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Indirect indicators of seminal 
oxidative stress 


Myeloperoxidase or the Endtz test 

Method 

The myeloperoxidase or Endtz test stains poly- 
morphonuclear granulocytes, thus differentiating 
these cells from germinal cells. These peroxidase- 
positive leukocytes are the major source of ROS gener- 
ation in semen [58]. 


Applications 
It can be used as an indirect indicator of excessive ROS 
formation in semen. 


Limitations 
It does not provide any indication of ROS levels pro- 
duced by spermatozoa. 


Redox potential GSH/GSSG 

Method 

Reduced glutathione (GSH) is one of the most import- 
ant nonenzymatic oxidant defenses within the body. 
It detoxifies peroxides and maintains several physio- 
logically important antioxidants such as a-tocopherol 
and ascorbic acid in their reduced forms. NADPH- 
dependent oxido-reductase continuously regenerates 
GSH from GSSG (oxidized form). The balance of GSH 
and GSSG provides a dynamic indicator of OS in vivo. 
GSH and GSSG may be determined biochemically or 
by high-performance liquid chromatography (HPLC) 
according to the Jones method [59]. 


Applications 
The method can be used to determine generalized OS 
both in vivo and in vitro. 


Limitations 

Glutathione-degrading enzymes may lead to arti- 
factual overestimation or underestimation of GSH 
and GSSG levels. Moreover, the test has not yet been 
standardized for determination of oxidative stress in 
semen. 


Measurement of lipid peroxidation levels 
Lipid peroxidation is one of the most widely used indi- 
cators of OS. 


Thiobarbituric acid-reactive substances (TBARS) 
Method 


ROS-induced lipid peroxidation leads to the forma- 
tion of various aldehydes including propanedial, i.e., 


malonaldehyde (MDA) [60]. The thiobarbituric acid- 
propanedial complex can be detected by HPLC, spec- 
trophotometry, or spectrofluorescence [61]. 


Applications 
TBARS is the most widely employed assay for screen- 
ing and monitoring lipid peroxidation. 


Limitations 

The assay is not specific, because a variety of TBA- 
reactive materials such as carbohydrates, bile acids, 
nucleic acids, and amino acids are not related to lipid 
peroxidation [62]. 


Isoprostane (IsoP) method 

Method 

Nonenzymatic, free radical-induced lipid peroxida- 
tion generates oxidized lipid products termed F,- 
isoprostanes (IsoP). These substances increase in vivo 
in response to the known OS generators, and their 
production can be manipulated by antioxidant supple- 
mentation [63]. 


Applications 

Measurement of IsoP is a reliable and attractive 
marker for measuring OS in vivo, as these are sta- 
ble compounds and are not produced by enzymatic 
pathways using arachidonic acid, i.e., cyclooxygen- 
ase or lipoxygenase pathways. In addition, IsoP levels 
are not altered by lipid content in the diet [64]. 


Limitations 

Detection of IsoP requires mass spectrometry, which 
is an expensive and time-consuming method and 
requires bioinformatics expertise. Although several 
commercial immunoassay ELISA kits are available 
to quantify different IsoPs, considerable interference 
exists with other substances present in semen, thus 
necessitating partial purification of samples before 
analysis [64]. 


Chemokines 

Method 

Spermatozoa produce ROS in response to chemo- 
attractant agents that also stimulate free radical gen- 
eration by leukocytes [65]. Increased OS amplifies the 
production of certain cytokines, specifically IL-1la, 
IL-18, IL-8, and TNF-a, which in turn results in 
recruitment of additional neutrophils and increased 
generation of ROS [66,67]. Measuring these cytokines 
in seminal plasma using specific enzyme immuno- 
assay (EIA) kits for each individual cytokine, or by 
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using cytometric bead array (CBA) flow cytometry 
for simultaneous cytokines assessment, might pro- 
vide indirect assessment of OS in semen [6]. 


Applications 

Further research is needed before measurement 
of cytokines is routinely used as a marker of OS in 
semen. 


Limitations 
Determination of a combination of various cytokines 
is expensive. 


DNA damage 

Method 

ROS has been implicated as one of the important fac- 
tors leading to sperm DNA damage. This damage 
can be detected and quantified, providing an indirect 
measure of OS [68-70]. Some of the currently available 
tests that are used to evaluate the integrity of sperm 
DNA include terminal deoxynucleotidyl transferase- 
mediated deoxyuridine triphosphate nick end-labeling 
(TUNEL assay), sperm chromatin structure assay 
(SCSA), comet assay, in-situ nick translation, and DNA 
breakage detection-fluorescence in-situ hybridization 
assay (DBD-FISH) [71]. Detailed descriptions of these 
tests are beyond the scope of this chapter. 


Applications 
Sperm DNA damage assessment is an objective 
marker of sperm apoptosis [72]. 


Limitations 

OS is only one of the three main mechanisms behind 
sperm chromatin damage (defective chromatin pack- 
aging and apoptosis being the other two mechanisms) 
[73,74]. Hence DNA damage does not necessarily 
indicate the presence of OS. 


Determination of reactive nitrogen species 


Griess reaction 

Method 

This is an indirect method for determining NO, and 
it involves the spectrophotometric measurement of its 
stable decomposition products NO, and NO,.. With 
this method, a two-step diazotization reaction occurs 
in which the NO-derived nitrosating agent such as 
N,O, reacts with sulfanilic acid to produce a diazo- 
nium ion that is then coupled to N-(1-naphthyl)ethyl- 
enediamine to form a chromophoric azo product that 
absorbs strongly at 543 nm [75,76]. 


To quantify NO, and NO, , enzymatic reduction 
of NO, to NO, is achieved by a commercially available 
preparation of nitrate reductase . NO, is then deter- 
mined by the Griess reaction [77]. Aspergillus nitrate 
reductase is used because of its efficiency at reducing 
very small amounts of NO, to NO, [77]. 


Applications 


It is a simple, rapid, and inexpensive assay for NO, 
and NO,. 


Limitations 
It has a practical sensitivity limit of only 2-3 uM [77]. 


Fluorescence spectroscopy 

Fluorescence spectroscopy is a type of electromag- 
netic spectroscopy which analyzes fluorescence from 
a sample. It involves using a beam of light, usually 
ultraviolet, that excites electrons in the molecules and 
causes them to emit light photons of lower energy. 
This technique was utilized to measure NO or NO, by 
exploiting the ability of NO to produce N-nitrosating 
agents. 


Diaminonaphthalene assay 

Method 

A relatively nonfluorescent aromatic diamino com- 
pound, 2,3-diaminonaphthalene, reacts rapidly with 
the NO-derived N-nitrosating agent (N,O,) to form 
highly fluorescent 2,3-naphthotriazole (NAT) [78]. 


Applications 

This assay is sensitive, specific, and versatile. It is cap- 
able of detecting as little as 10-30 nM NAT, and may 
also be used to quantify NO generated under physio- 
logical conditions with minimal interference by 
nitrite decomposition [78]. 


Limitations 

Caution should be taken while using powerful light 
sources such as lasers, which can result in photochem- 
istry and lead to false positive results. 


Diaminofluoroscein 2 assay 

Method 

Diaminofluoroscein 2 (DAF-2) reacts with the 
nitrosating agent to form a nitrosamine, which 
forms a fluorescent triazole through an internal 
rearrangement [79]. 


Applications 
The adva ntage of DAF-2 is that the wavelength associ- 
ated with fluorescein can be used, so that equipment 
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currently used for other bioassays can easily be adapted 
to detect NO in vivo and in vitro [80,81]. 


Limitations 

Nitroxyl (HNO) also reacts with DAF-2, generating 
triazoles. Thus there is a possibility that some of the 
NO detected by DAF-2 is in fact HNO [79]. As with the 
above assay, caution should be exercised with powerful 
light sources such as lasers. 


Determination of seminal antioxidants 


Various enzymatic and nonenzymatic factors pro- 
tect cells from harmful effects of free radicals [82]. 
Measuring the levels of these antioxidants provides an 
indirect assessment of the level of seminal OS. 


Enzymatic antioxidants 

Three natural enzyme systems are known to protect 
spermatozoa against oxygen toxicity: catalase, gluta- 
thione peroxidase, and superoxide dismutase [83]. 


Catalase 

Catalase (CAT) is involved in the detoxification of 
hydrogen peroxide (H,O,), which is a toxic product of 
both normal aerobic metabolism and pathogenic ROS 
production. This enzyme catalyzes the conversion of 
two molecules of H,O, to molecular oxygen and two 
molecules of water [84]: 


2H,0, "5 2H,O + O, 


CAT also demonstrates peroxidatic activity, in 
which low molecular weight alcohols can serve as 
electron donors. While the aliphatic alcohols serve as 
specific substrates for CAT, other enzymes with per- 
oxidatic activity do not utilize these substrates. CAT 
activity can be determined spectrophotometrically by 
utilizing its peroxidative function [85]. 


Glutathione peroxidase 

Glutathione peroxidase (GPx) catalyzes the reduc- 
tion of hydroperoxides, including hydrogen perox- 
ides, by reduced glutathione, and functions to protect 
the cell from oxidative damage. The enzyme uses 
glutathione as the ultimate electron donor. Oxidized 
glutathione (GSSG), produced upon reduction of 
an organic hydroperoxide by GPx, is recycled to its 
reduced state by glutathione reductase (GRD) and 
NADPH [86]: 


GSSG + NADPH + H* —S22.. GSH + NADP* 


2GSH + R(OOH)COOH —“*— GSSG 
+ R(OH)COOH + H,O 


The oxidation of NADPH to NADP* is accompanied 
by a decrease in absorbance at 340 nm. The rate of this 
decrease is directly proportional to the GPx activity in 
the semen sample [85]. 


Superoxide dismutase 

Superoxide dismutase (SOD) catalyzes the dismu- 
tation of superoxide into hydrogen peroxide and 
oxygen [87]: 


20; +2H* “> H,0,+0, 


It plays a major role in maintaining sperm viability. 
The SOD levels in spermatozoa are positively corre- 
lated with the duration of sperm motility [88]. SOD 
activity is assessed by measuring the dismutation of 
superoxide radicals generated by xanthine oxidase and 
hypoxanthine [85]. 


Applications 

Decreased activity of the above enzymes has been 
found in seminal plasma of infertile males who have 
high ROS activity [89]. 


Limitations 

Determination of enzymatic antioxidants does not 
provide the entire picture of antioxidant defenses in 
the semen. 


Nonenzymatic antioxidants 
Besides the enzymatic defenses, other compounds pre- 
sent in human semen such as albumin, a-tocopherol, 
B-carotene, lycopene, urate, and ascorbic acid play an 
importantrole in the protection of spermatozoa against 
free radical attack [90-92]. 


Applications 

Levels of these antioxidants correlate negatively with 
the generation of ROS, and their measurement in 
seminal plasma by high-performance liquid chroma- 
tography can provide an indirect assessment of the 
level of OS in semen [6,91]. 


Limitations 

Determination of individual nonenzymatic antioxi- 
dants does not provide complete information about 
the total seminal antioxidant capacity. 


Measurement of total antioxidant capacity (TAC) 

Total antioxidant capacity provides biological infor- 
mation more relevant than that obtained by the meas- 
urement ofindividual components becauseit considers 
the cumulative effect of all antioxidants present in 
semen. Several methods have been developed to meas- 
ure TAC in biological fluids, such as the oxygen radical 
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absorbance capacity (ORAC) [93], the ferric reducing 
ability of plasma (FRAP) [94], and the phycoerythrin 
fluorescence-based assay [95]. The following are com- 
monly used methods for measuring TAC in seminal fluid. 


Enhanced chemiluminescence assay 

Method 

A chemiluminescent substrate luminol along with 
para-iodophenol (an enhancer giving more intense, 
prolonged, and stable light emission) is mixed with 
horseradish peroxidase (HRP)-linked immunoglobulin 
to produce ROS, which in turn is mixed with a substrate, 
hydrogen peroxidase (H,O,). The ability of the antioxi- 
dants in the seminal plasma to reduce the chemilumin- 
escence of the signal reagent is compared with that 
of Trolox (6-hydroxyl-2,5,7,8-tetramethylchroman-2- 
carboxylic acid), a water-soluble tocopherol analog, and 
is measured as molar Trolox equivalents [96,97]. 


Applications 
It is an accurate method for measuring total antioxi- 
dant capacity in seminal plasma. 


Limitations 

It is a time-consuming, expensive, and cumbersome 
method, because fresh signaling reagent solution 
must be prepared each time the assay is performed 
and then standardized with Trolox. Moreover, the 
signal reagent may reduce in intensity within a short 
time, adding another technical problem [98]. 


Colorimetric assay 

Method 

ABTS? (2,2’-azinobis-[3-ethyl-benzothiazoline-6-sulfonic 
acid]) forms a relatively stable radical cation ABTS* 
when it is incubated with a peroxidase (such as met- 
myoglobin) and H,O, which starts the reaction. The 
formation of ABTS* on interaction with ferryl myoglo- 
bin produces a relatively stable blue-green color, which 
can be monitored at 750 nm with a spectrophotometer. 
Antioxidants present in the semen sample suppress 
this color production to a degree that is proportional to 
their concentrations [50,99]. 


HX - Fe™ + H,O, > X - [Fe™ = 0] + H,O 
ABTS + X - [Fe™"=0] > ABTS + HX - Fe™ 
HX - Fe™= metmyoglobin; X - [Fe’’ = 0] 

= ferrylmyoglobin 


Applications 
Colorimetric assay is a simple, rapid, relatively inex- 
pensive, and reliable method for measuring seminal 


TAC. It is less expensive and less time-consuming 
than the traditional enhanced chemiluminescence 
assay [98]. 


Limitations 
The sensitivity depends upon the color intensity of the 
endpoint reaction. 


ROS—TAC score 


Since neither ROS nor TAC alone can adequately 
quantify seminal OS, our laboratory introduced a new 
index called the ROS-TAC score, which combines 
both variables [96]. 


Method 

The ROS-TAC score is a statistical formula derived 
from levels of ROS in washed sperm suspensions and 
TAC in seminal plasma using principal component 
analysis [96]. A composite ROS-TAC score may be 
more strongly correlated with OS than ROS or TAC 
alone. 

Levels of ROS are measured in the semen sample 
by the chemiluminescence assay, and TAC is deter- 
mined by either colorimetric or enhanced chemilu- 
minescence assay. The ROS-TAC score is calculated 
using this underlying formula: 


ROS - TAC = 50 + (principal component x 10.629) 
Principal component = (- 0.707 x standardized ROS) 
+ (0.707 x standardized TAC) 
Standardized ROS = [log (ROS + 1) - 1.3885] / 0.7271 
Standardized TAC = (TAC - 1650.93) / 532.22 


Applications 

ROS-TAC score may serve as a predictive measure 
in identifying clinically infertile males who are likely 
to initiate a pregnancy over a period of time [100]. It 
appears that individuals with ROS-TAC scores below 
30 are at particular risk for prolonged inability to initi- 
ate pregnancy [96]. 


Limitations 

There is not enough literature available to validate the 
clinical usefulness of this assay. Moreover, this assay 
was based on the assumption that female factors were 
absent. 


Protocols of commonly used 
techniques 


Protocols of the techniques used most commonly to 
measure seminal OS are described below. 
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ROS measurement by chemiluminescence 

A total of 400 uL aliquots of liquefied semen containing 
sperm and leukocytes and phosphate-buffered saline 
(PBS) are used to assess basal ROS levels. Eight micro- 
liters of horseradish peroxidase (HRP) are added to the 
cell suspension. The addition of HRP greatly accentu- 
ates the sensitivity of luminol to extracellular hydro- 
gen peroxide. Ten microliters of luminol, prepared as 
5 mM stock in dimethyl sulfoxide (DMSO), are added 
to the mixture. Normal ROS levels in neat semen range 
from 0.02 to 0.2 x 10° cpm per 20 x 10° sperm. A var- 
iety of factors such as impurities in the reagents and 
surrounding equipment can deleteriously affect the 
results. Therefore, a negative control (10 uL of 5 mM 


Collect semen specimen 


Add 400 uL of 


Add 400 uL of PBS liquefied semen 


i. 


Blank 
Contol 
Test 


luminol + 400 uL of PBS) and a blank (400 uL of PBS) 
aliquot should also be assessed with the test sample. 
The blank reading provides the background lumines- 
cence of the instrument while the control value shows 
the background luminescence plus the luminescence 
caused by the presence of impurities in the reagent. 
Subtract the control reading from the test reading to 
calculate the true reading of the sample. With pure 
reagents, the control reading is expected to be equal to 
that of the blank [24,100]. The control and the samples 
should be run in duplicate, taking the average of the 
two readings. It is also advisable to repeat the run if the 
mean control reading is above 1 x 10° (Fig. 39.2). 

ROS can also be measured in a washed semen sam- 
ple, but there is a significant difference between ROS 


Fig. 39.2. Measurement of ROS in neat 
semen by chemiluminescence assay. 
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levels measured in neat semen and those measured 
in washed spermatozoa. In fact, ROS levels in neat 
semen after liquefaction in the presence of seminal 
antioxidant protection more accurately represent 
the true in-vivo OS status of an individual than those 
in washed samples [101]. Therefore, this test can 
be used as an alternative to an ROS-TAC score for 
accurate and reliable assessment of seminal OS in the 
andrology laboratory [100]. 


TAC measurement by colorimetric assay 

Add 20 uL of diluted seminal plasma to 1 mL of the 
reconstituted chromogen, ABTS-metmyoglobin (10 
mL vial with 10 mL of PBS). Twenty microliters of 
deionized water is used as a blank and 20 uL of Trolox 
(6-hydroxyl-2,5,7,8-tetramethylchroman-2-carboxy- 
lic acid) at a concentration of 1.73 mmol/L is used as a 
standard. Add 1 mL of chromogen to the standard, the 
blank, and the sample. Measure the initial absorbance 
(A,) with the spectrophotometer adjusted at a wave- 
length of 600 nm at a temperature of 37 °C. 

Add 200 uL of H,O, (250 umol/L) to the sample, 
standard, and blank tubes, and measure the absorb- 
ance (A,) after exactly 3 minutes. Calculate the diffe- 
rence (AA) between A, and A,. The TAC of the sample 
in terms of the Trolox equivalents is calculated by the 
following formula, and the results are expressed as uM 
of Trolox equivalents: 


TAC = Concentration of the standard x (AA Blank 
- AA Sample) /( AA Blank - AA Standard) [98] 


Commonly used commercially available kits for 
measuring TAC are Cayman chemical antioxidant 
kit (Cayman Chemical Company, Ann Arbor, MI, 
USA) and Randox total antioxidant status kit (Randox 
Laboratories, San Francisco, CA, USA). 


Future research 


The discovery of biomarkers is gaining a great deal 
of interest worldwide, as alterations of these metab- 
olites are involved in many reproductive disorders. 
Identification of key OS markers has potential for 
greater diagnostic and therapeutic interventions. 
With this in mind, a new scientific discipline has been 
conceived known as metabolomics. Metabolomics 
is the systematic study of the inventory of metabo- 
lites, as small molecule biomarkers that represent the 
functional phenotype in a cell, tissue, or organism 
[102,103]. Recent research suggests that biomark- 
ers of OS (-CH, -NH, -SH, C=C, and -OH) can be 


quantified in semen using this technology platform 
based on various forms of analytical, biochemical, 
and spectral analysis. It has also been revealed that 
different levels of OS biomarkers are uniquely associ- 
ated with normal semen plasma compared to differ- 
ent forms of male-factor infertility [104]. Therefore, 
in the future, metabolomic profiling of semen using 
near-infrared spectroscopy and proprietary chemo- 
metrics and bioinformatics may provide a rapid, 
noninvasive, and cost-effective diagnostic method 
of analyzing semen for abnormalities related to ROS 
damage and oxidative stress. 


Conclusion 


The role of oxidative stress (OS) in the pathogenesis of 
male infertility has been well established. The diagnos- 
tic and prognostic capabilities of the seminal OS are 
beyond those of the conventional sperm quality tests. 
There is a growing consensus concerning the clinical 
utility of seminal OS testing in an infertility clinic. As 
of today, ROS measurement by chemiluminescence 
and TAC measurement by colorimetric assay are the 
two most well-described laboratory techniques used 
for assessing OS in semen. Extensive research in this 
field has shown tremendous utility of advanced tech- 
niques such as flow cytometry and ESR in determining 
seminal oxidants. Further research is needed, however, 
before these can be put into clinical practice. 
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Denny Sakkas 


Introduction 


In 1980 Evenson et al. published a pioneering paper 
in Science entitled “Relation of mammalian sperm 
chromatin heterogeneity to fertility,” in which they 
used flow cytometry measurements of heated sperm 
nuclei to reveal a significant decrease in resistance to 
in-situ denaturation of spermatozoal DNA in sam- 
ples from bulls, mice, and humans of low or ques- 
tionable fertility when compared with others of high 
fertility [1]. They postulated that since thermal 
denaturation of DNA in situ depends on chroma- 
tin structure then there were assumed changes in 
sperm chromatin conformation that may be related 
to the diminished fertility. They then went on to 
suggest that flow cytometry of heated sperm nuclei 
could provide a new and independent determinant 
of male fertility. 

It was not anticipated by Evenson and colleagues 
that 12 years later the humans of low or questionable 
fertility would have the ideal treatment option in 
intracytoplasmic sperm injection (ICSI) [2]. Moving 
further forward, we have now become more adept at 
measuring the abnormalities in the sperm nucleus, 
and the use of ICSI to treat humans with severe fer- 
tility problems is routine. There are, however, valid 
concerns about the use of ICSI in these low-fertility 
patients [3], even though large follow-up studies do 
not show any major differences between ICSI, in- 
vitro fertilization (IVF), and normal conceptions 
[4]. The testing of sperm DNA fragmentation and 
concerns about ICSI have therefore become fur- 
ther interconnected, because patients with faulty 
nuclear DNAs are among those most likely to turn 
to ICSI. This chapter will therefore examine the main 
aspects of testing sperm DNA fragmentation, and the 
impact of these tests on predicting the fertility status 
of males. 


Measurement of DNA fragmentation 
in human spermatozoa 


Sperm DNA fragmentation tests 


Sperm DNA fragmentation can be measured by a 
number of different means. In addition to the flow 
cytometry-based technology initially described 
by Evenson et al. [1], a number of other techniques 
have since been reported that also provide a meas- 
ure of sperm nuclear DNA status. These included 
the TUNEL assay [6], in-situ nick translation [7], 
and the comet assay [8,9]. Furthermore, numerous 
other techniques exist that measure the integrity of 
the sperm nucleus, among them chromomycin A, 
[10,11], the DNA breakage detection-fluorescence 
in-situ hybridization (DBD-FISH) technique, and 
the sperm chromatin dispersion (SCD) analysis 
[12-14]. A number of other “surrogate” markers of 
sperm integrity have also been reported. Included in 
these are apoptotic marker proteins [15-17], which, 
when present, imply that the spermatozoa have been 
programmed to undergo cell death and degrade the 
nucleus through apoptosis. 


Testing spermatozoal DNA integrity 
Two tests have been most commonly reported in recent 
years as indicators of sperm nuclear integrity. The test 
most commonly used to detect DNA strand breaks is 
TUNEL (terminal deoxynucleotidyl transferase-medi- 
ated dUTP nick end-labeling). The TUNEL technique 
labels single- or double-stranded DNA breaks, but 
does not quantify DNA strand breaks in a given cell. 
The most widely adapted and therefore most closely 
scrutinized test that evaluates spermatozoal DNA 
integrity is, however, the sperm chromatin structure 
assay (SCSA). 


The sperm chromatin structure assay (SCSA) 


The SCSA is a flow-cytometric test that measures the 
susceptibility of sperm nuclear DNA to acid-induced 
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DNA denaturation in situ, followed by staining with 
acridine orange [18-20]. Acridine orange is a meta- 
chromatic dye that fluoresces red when associated with 
denatured (fragmented) DNA and green when bound 
to double-stranded (normal) DNA. Therefore an 
increase in the percentage of cells with a high ratio of 
red to green fluorescence indicates an overall increase 
in DNA fragmentation in the spermatozoa from that 
ejaculate. Because the SCSA is quantitative (on a con- 
tinuous scale), as opposed to a qualitative measure- 
ment, it has the potential to better define thresholds 
associated with reproductive outcome [19]. SCSA 
parameters correlate with DNA strand breaks detected 
using the TUNEL technique [21,22]. 

The SCSA, now adapted clinically as a service, 
measures a number of parameters, which include 
the DFI (DNA fragmentation index, i.e., the sperm 
fraction with detectable denaturable single-stranded 
DNA, mainly due to DNA breaks) [20] and the HDS 
(highly DNA stainable cells, the sperm fraction show- 
ing increased double-stranded DNA accessibility to 
acridine orange, mainly because of defects in the 
histone-to-protamine transition process). As these para- 
meters are not correlated to each other, they represent 
independent aberrations of the human mature male 
gamete in the ejaculate. DFI has been postulated to 
influence a normally initiated pregnancy [23,24]. 
Indeed, Evenson et al. showed that increasing levels of 
DFI (> 30%), independently of WHO standard semen 
parameters, were associated with a decreased prob- 
ability of fathering a child [23]. Since the initial stud- 
ies clinically examining the SCSA test, many studies 
have been set up also to challenge the SCSA prediction 
power in the context of assisted reproductive technolo- 
gies (ART). In some initial small (24 men) pilot studies 
it was shown that when DFI was above 27%, no preg- 
nancies were achieved after IVF/ICSI [25]. Two other 
studies reinforced this finding. Larson-Cook et al. 
examined 89 couples undergoing IVF/ICSI [19]. The 
endpoint was clinical pregnancy 14 days after embryo 
transfer as assessed by positive serum hCG and ultra- 
sound detection for a fetal sac. They showed that all 
patients who achieved a pregnancy had a DFI below 
27%. (On the other hand, HDS was not correlated to 
pregnancy.) Saleh et al. considered 19 couples under- 
going intrauterine insemination (IUI), 10 couples 
undergoing IVE, and four couples undergoing ICSI 
[26]. In this study, levels of DFI (but not of HDS) were 
negatively correlated with biochemical pregnancy. The 
highest DFI value in biological fathers was 28%. Even 


though findings were quite consistent, some discrepan- 
cies arose from these two studies: (1) sperm concentra- 
tion, percentage motility, and percentage morphology 
were significantly lower in patients who failed to initi- 
ate a clinical pregnancy in the Saleh et al. study [26] but 
not in that of Larson-Cook et al. [19]; (2) the fertiliza- 
tion rate was related to DFI in the Saleh et al. study but 
not in the Larson-Cook et al. study. 

The interest generated by the original Evenson 
and Spano studies [23,24], on the existence of an 
upper DNA fragmentation threshold above which 
no pregnancy can be obtained after ART, has less- 
ened as more investigations have been published. 
First, Gandini et al., in a study involving 34 couples (12 
IVF and 22 ICSI) did not note any difference between 
patients who did and did not initiate pregnancies, and, 
above all, they reported healthy full-term pregnan- 
cies even with high levels of DFI (up to 66.3%) [27]. 
Pregnancy rates were 25% for IVF and 40.9% for ICSI. 
HDS was not correlated with either pregnancy or 
delivery. No association was found between the SCSA 
parameters and the fertility rate. Second, Bungum et al. 
in two studies have investigated ART treatment cycles 
and the predictive value of the SCSA test [28,29]. In 
the initial study they reported results from 131 IUI, 
109 IVE, and 66 ICSI cycles, taking into account bio- 
chemical pregnancy (positive plasma hCG), clinical 
pregnancy (intrauterine gestational sac with a heart- 
beat three weeks after a positive hCG test), and delivery 
[28]. Delivery rate was 15.3% after IUI, 28.4% after IVF, 
and 37.9% after ICSI. They reported that, for IUI, the 
chance of pregnancy/delivery was significantly higher 
in the group with DFI < 27% (and HDS < 10%): only 
one delivery was obtained in the 23 males having a 
DFI > 27%. The combination of DFI and HDS gave a 
higher predictive value regarding the outcome of IUI. 
On the other hand, no statistically significant difference 
in the outcome after IVF/ICSI was noted by dividing 
patients according to the DFI level above or below 
27%. However, the results of ICSI were significantly bet- 
ter than those of IVE For example, as far as the group 
with DFI > 27% was concerned, comparing ICSI and 
IVF performances, the authors reported higher clinical 
pregnancy (52.9% vs. 22.2%), implantation (37.5% vs. 
19.4%), and delivery (47.1% vs. 22.2%) rates. Inaddition, 
when the analysis was restricted to IVF patients only, the 
low DFI level ( 27%) group consistently showed bet- 
ter clinical pregnancy (36.6% vs. 22.2%), implantation 
(33.3% vs. 19.4%), and delivery (29.7% vs. 22.2%) rates 
than the group of men with DFI > 27%. In the second, 
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larger study, the IUI results were substantiated, and no 
statistical difference was seen between the outcomes of 
ICSI and IVF in the group with DFI < 30% [29]. In the 
group with DFI > 30%, the results of ICSI were indeed 
significantly higher than those of IVE They still recom- 
mended that SCSA should be used as a testing method 
to identify patients being overtreated by IUI and move 
them more quickly into IVF or ICSI treatment. Finally, 
Virro et al. studied 249 couples undergoing IVF/ICSI 
and noted that men with DFI < 33% had a significantly 
greater chance of initiating a clinical pregnancy (posi- 
tive hCG), a lower rate of spontaneous abortions, and 
an increase in ongoing pregnancies at 12 weeks (47% vs. 
28%) [30]. HDS and standard WHO parameters were 
not related to pregnancy outcomes. 

More recently, Payne et al. also failed to find a strong 
correlation between SCSA and ART pregnancy predic- 
tion [31]. They concluded that the SCSA failed to iden- 
tify elevated DFI thresholds for negative pregnancy 
outcome after ART. Patients with a low DFI (< 9%) 
were least likely to become pregnant, a finding contra- 
dictory to SCSA marketing, which states that DFIs of 
< 15% have excellent fertility potential. On the other 
hand, patients with HDS = 17% had low pregnancy 
rates, indicating decreased fertility potential. 

The increasing number of publications in this 
field indicates that the clinical relevance of the SCSA 
tests is definitely not completely black and white 
[32]. When the test is correlated to natural fertility 
and IUI, it seems more appropriate. However, when 
tested in an IVF or ICSI setting, the results are incon- 
clusive, most probably because of the way spermato- 
zoa are prepared for IVF and ICSI [33,34]. Finally, an 
advantage of SCSA, compared to other, more specific 
techniques to detect sperm DNA breaks, resides in its 
capability to identify two different types of aberrant 
sperm populations, those mirrored by the DFI (sperm 
with DNA breaks) and the HDS fraction (sperm with 
chromatin derailments in the protamination process). 
The interplay between these two parameters should be 
tested in more detail in future ART studies. 


The TUNEL (terminal deoxynucleotidyl 
transferase-mediated dUTP nick 


end-labeling) assay 

The TUNEL assay has been adopted as a measure of 
sperm DNA integrity for two reasons. First, the ease 
with which available TUNEL kits measure DNA frag- 
mentation allows for a simple assessment of sperm to 


be made on the basis of whether DNA strand breaks 
are present. Second, the assumption has been made 
in numerous studies that TUNEL measurement of 
sperm is indicative of apoptosis. Whether the pres- 
ence of DNA strand breaks, as measured by TUNEL, 
is indicative of apoptosis remains a major question 
[35,36]. 

The technique can be used either with flow cyto- 
metry, allowing a greater number of spermatozoa to be 
assessed, or by staining cells on a slide and examining 
them individually under a fluorescent microscope. 

Clinically the TUNEL technique has been placed 
under far less scrutiny than the SCSA diagnosis. In a 
study by Benchaib et al., sperm DNA fragmentation 
was measured with the TUNEL technique [37]. Similar 
to many other investigators [5,12,38-40], they found 
that there was a negative statistical correlation between 
the rate of fragmentation and the semen characteristics. 
The study examined 322 couples, divided into 88 cycles 
of IVF or 234 cycles of ICSI. A statistically significant 
negative relationship was found for sperm DNA frag- 
mentation and fertilization when ICSI and IVF were 
compared. With ICSI, a statistically significant nega- 
tive relationship was found between fertilization rate 
and percentage of sperm DNA fragmentation (DFI). 
The risk of a failed transfer due to blocked embryo 
development increased when the DFI exceeded 15% 
(18.2% for ICSI vs. 4.2% for IVF) with an odds ratio of 
5.05. The miscarriage risk increased fourfold when the 
DFI exceeded 15% (37.5% for ICSI vs. 8.8% for IVF). 
The study has been corroborated by a more recent 
study by Borini et al., who also used the TUNEL assay 
to evaluate DNA fragmentation [41]. They examined 
132 men undergoing an ART cycle (82 IVF and 50 
ICSI) and correlated outcome with sperm parameters 
and ART outcome. They also found a highly signifi- 
cant negative correlation between DNA fragmenta- 
tion and sperm parameters and a close relationship 
between DNA fragmentation and post-implantation 
development in ICSI patients: the clinical pregnancy 
and pregnancy loss rates differed significantly between 
patients with high and low sperm DNA fragmenta- 
tion (P = 0.007 and P = 0.009, respectively). These two 
TUNEL studies found that sperm DNA fragmentation 
was a prognostic indicator of the fertilization, preg- 
nancy, and miscarriage rates, and of the pregnancy 
outcome. Interestingly, both studies performed their 
TUNEL assays on sperm suspensions after density gra- 
dient separation, and not on semen samples such as 
those utilized by most SCSA studies. 
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Current clinical relevance regarding 
tests of sperm DNA integrity 


From the ever-increasing wealth of data collected so far 
about the SCSA and TUNEL techniques, the follow- 
ing has been concluded by meta-analysis of published 
papers. 

Evenson and Wixon reported that couples with no 
known infertility problems were 7.0 times (CI 3.17- 
17.7) more likely to achieve a pregnancy/delivery if the 
DNA fragmentation index (DFI) was < 30% (n = 362, 
P = 0.0001) using in-vivo fertilization [42]. Infertile 
couples using IUI were 7.3 times (CI 2.88-18.3) more 
likely to achieve a pregnancy/delivery if their DFI was 
< 30% (n=518, P= 0.0001). With routine IVF infertile 
couples were approximately 2.0 times (CI 1.02-2.84) 
more likely to become pregnant if their DFI was < 30% 
(n = 381, P = 0.03). For ICSI and/or routine IVE, the 
results failed to show significance. Their meta-analyses 
showed that the SCSA infertility test was predictive for 
reduced pregnancy success using in vivo and IUI but 
less so for routine IVE, and to a lesser extent ICSI fertil- 
ization. A further meta-analysis by Li et al. examined 
eight studies, five of which used the TUNEL assay and 
three of which used the SCSA [43]. For studies using 
the TUNEL assay, the pooled results of IVF outcomes 
indicated that the clinical pregnancy rate (RR 0.68, 
95% CI 0.54-0.85, P = 0.006), but not the fertilization 
rate (RR 0.79, 95% CI 0.54-1.16, P = 0.23), decreased 
significantly for patients with a high degree of sperm 
DNA damage compared with those with a low degree of 
sperm DNA damage. For the SCSA papers, the pooled 
results showed no significant effects of sperm DNA 
damage on the clinical pregnancy rate after IVF (RR 
0.58, 95% CI 0.25-1.31, P=0.19) or ICSI (RR 1.18, 95% 
CI 0.81-1.74, P = 0.38). Their meta-analysis indicated 
that sperm DNA damage, as assessed by the TUNEL 
assay, significantly decreased only the chance of IVF 
clinical pregnancy, but not that of either IVF fertiliza- 
tion or ICSI fertilization, or ICSI clinical pregnancy. In 
addition, their results revealed that sperm DNA dam- 
age, when assessed by the SCSA, had no significant 
effect on the chance of clinical pregnancy after IVF or 
ICSI treatment. 

Two main conclusions can be drawn, about the 
impact of DNA damage and about the predictive 
power of SCSA and TUNEL: 

(1) Anincreased fraction of sperm showing DNA 
damage is certainly a negative trait that reduces 
the chances to father a child. 


(2) The predictive powers of these tests, and 
in particular SCSA, seem to be reduced as 
more rigorous technologies are used to treat 
infertility. SCSA definitely remains predictive 
of natural conception and IUI, but once IVF or 
ICSI treatment is adopted then SCSA loses its 
predictive power. 


Improving sperm nuclear DNA 
integrity tests 

A technical aspect of numerous studies utilizing SCSA 
is that the commercial application measures values in 
the semen. This is because the inventors believe that 
the semen is representing the “tip of the iceberg” of the 
problem seen in the spermatozoa in general [23]. The 
decreased predictive power of the SCSA analysis in 
IVF and ICSI may be due to the fact that a selected 
sperm population (by swim-up or discontinuous 
gradient centrifugation) is used in these techniques. 
It is clear that sperm quality is improved by density 
gradient centrifugation techniques. Spano and col- 
leagues tried to measure DFI and HDS on both the 
raw and prepared semen aliquots [44]. They found 
that enriched cell suspensions to be used in ART con- 
tained sperm with better motility, morphology, HDS, 
and DFI. Interestingly, they also observed that ICSI 
full-term pregnancies could be also obtained with 
high-DFlI-value semen as assessed in the PureSperm 
fraction (range was 1.7-60.4%). In addition, we had 
also previously shown that when sperm samples from 
different men were prepared using density gradient 
techniques for ART and then stained using the chro- 
momycin A, (CMA,) fluorochrome, which indirectly 
demonstrates a decreased presence of protamine, and 
in-situ nick translation, which examines for the pres- 
ence of endogenous DNA nicks, a significant (P< 0.001) 
decrease in both CMA, positivity and DNA strand 
breakage occurred [45-47]. As SCSA is performed in 
the raw semen sample prior to processing, a selective 
elimination of spermatozoa with DNA fragmentation 
during sperm preparation for ART cannot be excluded, 
and additional studies are needed to clarify this point. 
To further ascertain the relevance of some of the 
DNA sperm tests to IVF and ICSI outcome, clinical 
trials should examine predictability when the ana- 
lysis is performed on the same prepared sample used 
to inseminate the oocytes or perform ICSI. In a pre- 
vious small study, when we performed this type of ana- 
lysis on prepared sperm using TUNEL, we were able to 
identify differences in blastocyst development between 
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Table 40.1. Examples of sperm DNA fragmentation tests and their mode of action 
Mode of action Test References 
Direct integration of marked nucleotides into Terminal deoxynucleotidyl transferase-mediated dUTP [6,7] 
sperm nuclear DNA breaks nick end-labeling (TUNEL) 

In-situ nick translation 
Binding of a marker onto DNA after alteration in Sperm chromatin structure assay (SCSA) [1,8,12-14,23,24,50] 
sperm chromatin conformation DNA breakage detection—fluorescence in-situ 

hybridization (DBD-FISH) 

Sperm chromatin dispersion (SCD) 

Comet assay 
Integration of a marker into a sperm nucleus Chromomycin A, (CMA,) HOSES 
representative of abnormal protamine content Aniline blue 

Toludine blue 
Apoptotic markers Fas Annexin V {15,16,17,53,54] 


Bcl protein family members 


Caspases 


high and low TUNEL patients but failed to observe dif- 
ferences in pregnancy rates [48]. 

A second major difference between many of the 
tests is in the steps preparatory to measurement. These 
can be separated into either (1) an invasive denatur- 
ation step of heating, acid exposure, etc., which acts 
to unwind the chromatin in susceptible areas so that 
markers such as acridine orange can have greater 
accessibility, or (2) an in-situ diagnosis whereby the 
sperm are not pretreated and are either fixed or labeled 
immediately so that the chromatin is in a more “natural” 
state. Generally, when different sperm DNA measure- 
ment techniques are compared, they do show a strong 
correlation even though the outcome results may shift 
in intensity of the DNA fragmentation. For example, 
Chohan et al. found that the TUNEL and SCD assays 
showed a strong relationship with the SCSA (r > 0.866; 
P < 0.001) for sperm DNA fragmentation, both in 
infertile men and in donors of known fertility [12]. 
Even different fixation techniques will shift the level 
of intensity [49]. The general deduction is that SCSA, 
TUNEL, and SCD show similar predictive values for 
DNA fragmentation. 

Numerous tests now exist to measure sperm DNA 
fragmentation. Ironically, it could be argued that tech- 
nically they are all measuring similar aberrations in 
sperm chromatin and DNA structure, with only a slight 
variation in the way they access the DNA (Table 40.1) 
[1,6-8,10-17,23,24,50,52-54]. The tests such as the 
SCSA and TUNEL have been discussed above. Other 
tests include the comet assay [8], DNA breakage detec- 
tion (DBD)-FISH [55], SCD [13,56], and its commer- 
cial form the HaloSperm kit [50]. All have shown a 
strong correlation to sperm quality in examination 


of fertile versus nonfertile males. Their clinical effect- 
iveness in correlating to pregnancy outcome is still to 
be determined, as none have come under the same 
scrutiny as SCSA or even TUNEL. Of all the current 
tests the comet assay has the added advantage that it 
can be examined for the presence of both single- and 
double-stranded breaks, depending on the conditions 
under which it is run [8]. These tests give an accurate 
assessment of sperm DNA integrity, but all involve a 
challenge to the susceptibility of DNA integrity and 
may give higher than expected values. 

Other means exist for surrogate examination of 
the DNA integrity of spermatozoa. One means is to 
examine the protamine constituency of the sperm- 
atozoa. It is believed that the lower the protamine-to- 
histone ratio the more likely the chance that the sperm 
are abnormal and that the DNA integrity may be faulty 
[57]. Aoki et al. measured variations in protamine 1 
(P1) and protamine 2 (P2) content between individual 
sperm cells of fertile and infertile men and correlated 
them with DNA integrity [58,59]. They found that 
TUNEL and SCSA positivity correlated with abnor- 
mal protamine levels in sperm cells. Chromomycin A, 
measurements are also thought to be representative 
of protamine levels in spermatozoa [60]. A number 
of clinical studies subsequently have shown a positive 
relationship between CMA, and sperm DNA integrity 
[47,61,62]. 

A final set of interesting surrogate markers include 
those that examine apoptotic pathway-related mark- 
ers. In 1999 we showed that abnormal spermatozoa 
were more likely to possess Fas on their membranes 
[15]. Subsequently, numerous studies have shown 
that a number of apoptotic marker proteins correlate 
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with DNA integrity in sperm [16,17,53,54]. Whether 
these markers reflect apoptotic sperm is still not clearly 
understood [36]. Unfortunately, because spermatozoa 
possess a high level of protamines we are unable to per- 
form the classic DNA analysis of apoptosis showing 
DNA laddering of the histone-complexed DNA. 

Interestingly, some of the apoptotic markers are 
already being used in innovative ways to help select 
spermatozoa with better DNA integrity [17] and to 
test whether novel sperm selection techniques pro- 
vide a better yield of spermatozoa [63,64]. Further 
scrutiny of all the markers described will provide 
answers as to how informative they will be in a clin- 
ical setting. 


The origin of DNA damage 

There are two main theories explaining the origin 
of sperm DNA damage. First, it is thought that 
abnormalities in spermatogenesis and/or spermio- 
genesis lead to the production of sperm with these 
inherent DNA anomalies. A breakdown in three key 
cell system regulators, apoptosis, DNA repair, and 
chromatin remodeling, are thought to be responsible 
(reviewed in [5,35,65]). A second line of thought is 
that exposure to increased radical oxygen species 
or failure of antioxidant defense systems during 
transport through the male reproductive tract is 
also responsible. This argument is best illustrated 
in an excellent commentary by Alvarez [66] and ina 
review by Aitken and Sawyer [67]. It is also supported 
by studies demonstrating that DNA fragmentation 
is higher in epididymal [68] and ejaculated [69,70] 
spermatozoa than in testicular sperm. It is my belief, 
however, that a failure in the first system is predomi- 
nantly responsible, as it will lead to the production of 
spermatozoa that are more susceptible to ROS in the 
reproductive tract. 


Conclusion 


Thenumerous tests nowavailableto examine deficien- 
cies in spermatozoa provide a significant improve- 
ment to the standard concentration, motility, and 
morphology assessment. In one respect they provide 
a second level of scrutiny; in a number of studies even 
normozoospermic men have been shown to possess 
anomalies in sperm DNA integrity [10,30,71]. In rela- 
tion to their clinical relevance, it is unmistakable that 
a higher level of abnormality in sperm DNA integrity 
is certainly a negative trait that reduces the chances 
to father a child. The mainstream application of this 


technology, however, still requires further research and 
improvement. Finally, the armory of techniques now 
available for measurement of sperm DNA integrity and 
certain molecular characteristics of ejaculated sperm- 
atozoa hopefully will allow us to pinpoint more accur- 
ately the origin of these anomalies in spermatozoa, and 
will lead to better clinical treatment options prior to 
the use of ICSI. 
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Chapter 


Alook towards the future: 
advances in andrology expected 
to revolutionize the diagnosis and 


treatment of the infertile male 


Dolores J. Lamb 


Introduction 


Diagnoses in male infertility tend to be descriptive. For 
example, azoospermia is a condition in which there are 
no sperm in the ejaculate; this derives from the fact that 
in the overwhelming majority of cases the underlying 
basis of the patient’s infertility is unknown. As molecu- 
lar medicine enters the clinical arena for many spe- 
cialties, the diagnosis and treatment of male infertility 
remains, for the most part, stagnant. Semen analyses, 
whole blood karyotypes, Y-chromosome microdele- 
tion assays, and endocrine profiles are key laboratory 
diagnostic tests used to evaluate the infertile male (as 
discussed in Chapter 15); however, the results of these 
tests often are uninformative. 

Consequently, ongoing investigations in trans- 
lational research seek to improve the diagnosis and 
treatment of patients through the development of new 
and novel molecular approaches for identifying pre- 
viously unrecognized causes of male infertility. These 
approaches include state-of-the-art genetics, genom- 
ics, proteomics, and metabolomics. 

Couples face overwhelming financial and emo- 
tional costs related to their infertility, and given the 
present diagnostic uncertainties they also face difficult 
choices. The technological advances achieved today 
ultimately will improve our understanding of the 
mechanisms regulating all aspects of male reproduct- 
ive development and function. Approaches to diagno- 
sis will radically change over the next decades with the 
application of our growing understanding of the eti- 
ologies of infertility. Today, treatments available for 
male infertility are limited; yet as a result of a mechan- 
istic understanding of infertility, new therapies will be 


developed to allow for targeted treatment of patients. 
This will be in stark contrast to the current predom- 
inant clinical strategy, which uses defective gametes to 
overcome sterility with intracytoplasmic sperm injec- 
tion in almost all cases. For patients, knowledge of the 
cause of their infertility and the potential consequences 
for their offspring will allow infertile couples to make 
informed decisions regarding their options for assisted 
reproduction. This chapter will explore the advances 
and technologies currently under development that are 
likely to advance our ability to diagnose and treat male 
infertility in the future. 


The molecular medicine revolution 
reveals new etiologies of male 
infertility 

The molecular time line of genetic diagnosis 


Diagnosis of genetic defects evolved from simple 
assessment of the presence or absence of chromosome 
pairs (numerical alterations in chromosomes) to more 
complex diagnosis of structural chromosomal abnor- 
mality. Our ability to diagnose chromosomal defects 
in infertile males has improved markedly with each 
technological advance. This progress began with the 
simple realization that the sex chromosomes exist. It 
is noteworthy to realize that this was first postulated by 
McClung in 1901, and that the exact number of human 
chromosomes was not discovered until 1956 by Tjio 
and Levan [1]. It was soon discovered that aneuploidy 
of the sex chromosomes is associated with infertility 
(suchas Klinefelter syndrome, Turner syndrome), and, 
as cytogenetic methodology improved, chromosome 
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translocations and deletions were observed in infer- 
tile men. Interestingly, although two cytogeneticists 
had postulated the presence of genes required for 
spermatogenesis on the Y chromosome in 1976 using 
routine cytogenetics [2], this knowledge was not trans- 
lated to the infertility clinic for another 20 years with 
the identification of Y-chromosome microdeletions 
utilizing polymerase chain reaction (PCR) analysis 
[3]. Importantly, the Y-chromosome microdeletions 
identified in some men with azoospermia or severe 
oligospermia represent a genomic disorder not usu- 
ally found by a routine karyotype; it could be diag- 
nosed only when technology advanced sufficiently to 
permit the detection of this deletion by PCR. Further 
refinement by direct sequence analysis permits an even 
higher level of detection, allowing the definition of 
mutations in single genes causing male infertility. 

The recent molecular revolution in genetics pro- 
vides the cytogeneticist with an array of approaches 
to diagnose structural chromosomal defects. These 
include (1) fluorescence in-situ hybridization (FISH), 
(2) whole chromosome painting, and (3) compara- 
tive genomic hybridization, along with (4) PCR and 
(5) direct DNA sequencing to define chromosomal 
or genomic abnormalities (Fig. 41.1). As our ability to 
identify subtle defects in chromosome structure and 
gene sequence has improved, so has our ability to diag- 
nose genetic defects in infertile men. With each new 
technological advance, previously unrecognized 


genetic causes of male infertility have been defined. 
This chapter will explore these novel approaches and 
focus on their potential clinical application in the 
future. 


New technologies improve detection of 
numerical and structural chromosomal 
abnormalities 


Meiotic recombination during gametogenesis involves 
the exchange of segments of DNA between pairs of 
homologous chromosomes and guarantees the con- 
tinual evolution of the species by ensuring genetic 
diversity in the offspring. Defects in this critical repro- 
ductive process result in offspring with numerical or 
structural chromosomal abnormalities that may result 
in embryonic or fetal lethality, mental retardation, and 
birth defects. Importantly, these types of chromosomal 
aberrations are a significant cause of infertility in both 
males and females (see Chapter 15). Currently, a rou- 
tine karyotype analysis provides evidence of numerical 
and structural defects in about 6% (some estimates are 
higher) of all infertile men, and thus provides import- 
ant diagnostic information [4,5]. 

Technological advances continually improve 
our ability to define previously unrecognized causes 
of male infertility. The karyotype remains the gold 
standard of chromosomal analysis. In recent years, 
methods were developed to complement, or in 
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some cases improve upon, the diagnostic capabil- 
ity of the karyotype. While some of these diagnostic 
approaches are used in a few state-of-the-art labora- 
tories, the routine application of these technologies 
to the diagnosis of the infertile male is rare. They 
are expected to become commonplace as the genetic 
basis of male infertility becomes more widely appre- 
ciated by clinicians. 


Fluorescence in-situ hybridization (FISH) 

FISH uses molecular probes specific to regions of 
chromosomes, and can be designed to detect relatively 
small chromosome gains or losses. More commonly, it 
is used to define aneuploidy (gain or loss of chromo- 
some, a deviation from the normal chromosomal 
complement), as well as the incidence of mosaicism. 
A powerful use of this technique is to define the inci- 
dence of sperm aneuploidy in infertile men [6] (see 
Chapter 15). 

Significant limitations exist to the application of 
FISH in the routine evaluation of the infertile male. 
These include the cost of the probes required, the 
significant technical skills necessary, and the time 
required for three independent readers to evaluate 
each slide and count the fluorescent dots on each cell or 
sperm. Large numbers of sperm or cells are normally 
analyzed to reach a statistically valid result. Equipment 
for automated FISH analyses is commercially available, 
featuring an automated microscope with a multi-slide 
motorized stage, bright-field and fluorescent illumin- 
ation, a sensitive 3-CCD color camera, and a sophisti- 
cated computer system for image capture and analysis. 
A stage micro-locator allows the investigator to return 
to an archived slide and immediately view the cell of 
interest in real time. This type of approach provides a 
method for the rapid detection of sperm chromosome 
disomy. Fertilization with sperm that has a chromo- 
some disomy can lead to pregnancy loss, as well as 
syndromes compatible with a viable offspring: trisomy 
13 (Patau syndrome), 18 (Edwards syndrome), 21 
(Down syndrome), and sex chromosome abnormal- 
ities (Klinefelter [XXY-XXXXY] and Turner [mono- 
somy X] syndromes). 


Chromosome painting 

Chromosome painting relies on the use of chro- 
mosome-specific fluorescent probes that stain each 
chromosome a different color. Complex chromo- 
some rearrangements become immediately appar- 
ent. It is more commonly used for analysis of cancer 
cells, because of the cost of the probes and equipment 


required, but it is applicable to the assessment of 
chromosome structures in infertile men and would be 
used in combination with a karyotype analysis. 


Comparative genomic hybridization (CGH) 

CGH initially used metaphase chromosomes to ana- 
lyze chromosomal imbalances. The technique relies on 
the staining of control (normal) and patient DNA with 
green and red fluorescent dyes, respectively. Addition 
of equivalent concentrations of the green control and 
red patient DNA to metaphase chromosomes under 
conditions that allow hybridization of the added DNA 
to each chromosome permits geneticists to analyze 
structural chromosome defects. If chromosomes are 
normal in both the patient and the control, target chro- 
mosomes will stain yellow (the color yellow results 
when there is equivalent fluorescence of green and red 
dyes). A duplication of a chromosome region in the 
patient would lead to an area of red fluorescence on the 
target metaphase chromosome, and conversely a loss 
of a portion of chromosome (such as a Y-chromosome 
deletion) would stain green. This technology is limited 
by the resolution of detection of chromosome gains 
and losses, and was largely replaced with oligonucleo- 
tide fragments encoding human DNA sequences 
hybridized to glass slides (described below). CGH 
microarrays can be constructed spanning the entire 
human genome, with 32 433 overlapping fragments of 
oligonucleotide probe [7]. In essence, this represents a 
molecular karyotype and is known as a chromosome 
microarray [8]. 


Chromosome microarray (CMA) 

The CMA method designed in the Kleberg 
Cytogenetics Laboratory at Baylor College of 
Medicine was developed for the clinical diagno- 
sis of known chromosomal disorders using oligo- 
nucleotides as targets for comparative genomic 
hybridization. The genomic targets arrayed on the 
chip specifically focus on known clinical syndromes 
resulting from a loss or gain of specific chromosomal 
regions. It has been validated to detect small chromo- 
somal deletions, duplications, and triplications. In 
general, there are 3-10 oligonucleotide fragments for 
each disease region, and each fragment hybridizes to 
only one chromosomal location. 

CMA spansallchromosomes toidentifyimbalances 
that cannot be detected by current karyotype meth- 
ods. An example of the type of imbalance detected is a 
Y-chromosome microdeletion (Fig. 41.2) [9]. In add- 
ition to providing the information normally obtained 
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Fig. 41.2. Demonstration of the principles of chromosome microarray analysis. A region of chromosome gain is shown in blue and a loss 

in red, with the normal regions shown in green. Depicted is a schematic diagram of the data showing that female DNA stained red and male 
DNA stained green was competitively hybridized to a DNA assay of oligonucleotides spanning specific regions of each human chromosome, 
including the Y chromosome. The figure shows that the female DNA lacked the Y chromosome (as expected) but had a duplication of the X 
chromosome, as it should because the DNA is from a female. See color plate section. 


by karyotype or FISH, CMA can define the extent of 
an imbalance, since there are multiple array points per 
telomere and disease region. While CMA’s weakness 
is that it will not detect a balanced translocation or 
inversion that could be readily defined on a karyotype, 
CMAsstrengthis its ability to define imbalances that are 
undetected by routine cytogenetics. Cheung et al. used 
CMA both to detect previously identified abnormal- 
ities and to identify additional cryptic microdeletions 
and/or duplications in patients with various chromo- 
somal abnormalities and microdeletions [9]. Of inter- 
est, CMA was used to rule out Klinefelter syndrome in 
a patient who was a phenotypic male with a karyotype 
of 46, X, der(X)t(X;Y)p22.33; p11.2. In a second child 
with developmental delay and dysmorphic features, 
CMA demonstrated that he was a 47,XXY Klinefelter 
male [9]. 


Advances in our understanding of 
the molecular defects causing male 
infertility 

Y-chromosome microdeletions and 
duplications 


Y-chromosome microdeletions were first observed 
over 30 years ago by two cytogeneticists studying men 
with azoospermia [2]. Subsequently, with the advances 
realized by the human genome project, Y-chromosome 
microdeletions were identified as a fairly common 
cause of nonobstructive azoospermia, being present 
in about 8-12% of men with nonobstructive azoosper- 
mia and a lesser percentage of men with oligospermia 
[10]. The deleted in azoospermia gene (DAZ) was the 
first putative spermatogenesis gene identified in the 
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distal portion of the Y-chromosome coding region [3], 
and a number of spermatogenesis genes and types of 
microdeletions have been identified (reviewed in [10]). 
This is discussed more fully in Chapter 15. Of note, 
researchers have found that duplications in regions 
of the Y chromosome may occur as well and in some 
instances may be associated with male infertility [11], 
such as occurs with AZFc duplications in the Han 
Chinese. The role of duplications of regions of the Y 
chromosome remains an area of active research. 


Gene mutations and male infertility 


Studies of genetic causes of male infertility have pro- 
foundly altered the urologist’s concept of its etiology. 
As evidence continues to accumulate, investigators 
speculate that as much as 80% of all male infertility 
may have a genetic basis. With advances in the field of 
genetics and technology, it is expected that patients will 
not just undergo a history and physical examination, 
but will have a lifelong record of their genetic infor- 
mation (perhaps even obtained through advanced 
prenatal diagnosis) that will provide prospective infor- 
mation concerning their risk of disease development. 
The studies described below will set the stage for new 
and novel approaches to diagnosis of the infertile male 
in the future. 


What have we learned from animal models of 

male infertility? 

As of today, over 300 null mutations and 50 conditional 
targeted deletions of genes have produced mouse 
models of male infertility. These mouse models con- 
firmed and extended our understanding of the role of 
infertility-related genes involved in sex determination/ 
differentiation, steroidogenesis, steroid metabolism, 
growth factor, peptide, and steroid receptors, peptide 
hormones and growth factors, signal transduction 
pathways, DNA replication and repair, homologous 
recombination, mitosis, meiosis and differentiation 
(reviewed in [12]). Study of these mouse models has 
revealed proteins essential for novel structures vital to 
normal reproduction, such as the intercellular bridge, 
intermitochondrial cement and the chromatoid body, 
and the fibrous sheath [13-18]. Despite such major 
advances in understanding the importance of these 
genes in mouse reproductive function, translation 
of these findings to human male infertility has been 
slow. Nevertheless, scientists consistently define a high 
level of conservation of reproductive genes that occurs 
throughout evolution. Indeed, the ever-expanding 


collection of organisms that have undergone complete 
DNA sequencing, from Drosophila to zebrafish to mice 
to humans, consistently shows large numbers of con- 
served genes. Thus there is a high likelihood that many 
of the infertility genes identified in animal models will 
have relevance to human male infertility. 


Examples abound of translation of molecular findings in 
lower organisms that are applicable to humans 
Scientists and the lay public alike marvel at the simi- 
larities of gene nucleotide sequences in diverse organ- 
isms, and these similarities support the concept of 
evolution. A few examples illustrate this principle. The 
Drosophila (fruit fly) gene Boule is homologous to the 
human Y-chromosome gene, deleted in azoospermia 
(DAZ) [19], and as in the human this gene product 
is involved in spermatogenesis [19,20]. The mam- 
malian adenine nucleotide translocase 4 (Ant4) gene 
is highly conserved in both mammals and nonmam- 
malian species, and when it is deleted male infertil- 
ity results [21]. The RBMX gene, essential for brain 
development in zebrafish is homologous to RBMY, a 
spermatogenesis gene on the Y chromosome [22]. A 
yeast post-replication repair gene, RAD18, is highly 
homologous to mRAD19Sc, a mouse gene expressed 
in the primary pachytene spermatocyte that binds to 
single-stranded DNA and interacts with the ubiquitin- 
conjugating enzyme, RAD6. These are common path- 
ways in both organisms. Indeed, RAD18-homologous 
genes are found in other species such as Aspergillus nid- 
ulans and Neurospora crassa as well [23]. Similarly, the 
long-sought gene that underlies the juvenile spermato- 
gonial depletion mutation in the mouse was shown to 
be the mouse homolog of the Saccharomyces cerviasiae 
gene UTP14, expressed predominantly in the zygo- 
tene through round spermatids [24]. The literature is 
replete with examples of fertility-related genes such 
as those mentioned above that are highly conserved 
throughout evolution. Thus, evidence of gene defects 
causing infertility in mouse models raises significant 
concern about the causes of infertility in humans. 


Gene mutations in human male infertility 

With the advent of the human genome project, large 
numbers of genes implicated in human male infertil- 
ity have become known. Despite these advances in our 
understanding of the molecular basis for male infertil- 
ity, the overall frequency of any individual mutation is 
generally low, and, with the exception of analysis of the 
cystic fibrosis transmembrane conductance regulator 
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gene (CFTR) variants in couples when the man has 
bilateral absence of the vas deferens [25,26], DNA 
sequence analysis is rarely employed in the evaluation 
of the infertile male. That said, the definition of the 
nucleotide sequence for the human genome has facili- 
tated the identification of human infertility-related 
genes, resulting in a virtual explosion of publications 
over the past few years. 


Modulation of gene expression and its 


association with male infertility 


Not surprisingly, the highest rate of RNA synthesis/ 
gene expression in the body is in the testis - specifically 
during spermatogenesis. Genetic modification of DNA 
affecting even noncoding regions of the DNA such as 
the promotor or the 3’ untranslated regions can alter 
RNA expression, as can changes in the transcriptional 
machinery. During the processing of the mRNA that 
occurs after transcription, many unique forms of RNAs 
commonly expressed in other tissues are produced in 
the testis as a result of alternative splicing. Defects in 
all of these processes have been associated with male 
infertility (as well as other systemic defects, in some 
cases) [12]. 


Epigenetics and non-Mendelian modifiers 
of gene expression 


One regulator of gene expression is methylation. 
Imprinting of genes by methylation is an epigenetic 
phenomenon that differs from gene mutation but 
nevertheless carries the possibility of transmitting 
a phenotypic alternation from parents to offspring 
through multiple generations. Imprinting occurs at 
specific gene loci during gametogenesis with a gender- 
defined pattern of methylation of certain genes. At fer- 
tilization, the union of the male and female gametes 
brings one gene copy with a male pattern of methyla- 
tion and one copy of a female pattern of methylation, 
and these methylation patterns are maintained in the 
offspring. When there is a failure of imprinting dur- 
ing gametogenesis, at fertilization two male or two 
female-patterned methylations may be present, and 
these are associated with specific disease syndromes. 

Studies in animals suggested that exposure to 
agents thought to be involved in endocrine disrup- 
tion (hormone mimics, i.e., agents such as detergents, 
pesticides, fungicides, plasticizers, herbicides, and 
insecticides) may affect reproductive development 
and function through their actions as weak receptor 


agonists or antagonists. Because estrogens can influ- 
ence gene methylation, investigators have asked 
whether fetal exposure to these agents (thought to be 
steroid hormone agonists or antagonists) can result 
in adult disease — in this case alterations in the methy- 
lation patterns of genes known to be differentially 
imprinted during gametogenesis, with associated 
functional deficiencies in male reproductive health 
[27]. These studies are of importance not only because 
they raise the possibility that environmental exposures 
can have long-term consequences for fertility, but also 
because there are a number of genetic syndromes that 
result from abnormal gene imprinting. Several rare 
diseases, such as Beckwith-Wiedemann, Angelman, 
and Prader-Willi syndromes, appear to occur with 
increased frequency in the offspring of infertile cou- 
ples conceived by ICSI [28-30]. 


Modulation of RNA translation to 
proteins and its association with 
infertility 

MicroRNA and PIWI RNA are key players in 
the regulation of gametogenesis 


Previously unrecognized infertility pathways regu- 
lating translation are under investigation. Noncoding 
RNAs and their regulation of specific cellular pathways 
were first revealed in Caenorhabditis elegans in 2001 
[31]. More recently, the number of noncoding regu- 
latory RNAs, termed microRNAs or miRNAs (about 
21 nucleotides in length), as well as the slightly lar- 
ger PIWI-interacting RNAs (also called P-element 
induced wimpy testis in Drosophila, or piRNAs, about 
26-31 nucleotides in length), have increased to ~500 
sequences in mice and humans [32], with over 50 000 
piRNAs [33]. These small fragments of piRNA derived 
from long precursor RNAs were first believed to be tes- 
tis-specific, but are now known to be present in more 
diverse tissues. There are human homologs, and PIWI is 
highly expressed in the spermatogenic cells. The num- 
ber of miRNAs is less for reasons that are not clearly 
understood, and this remains an area of intense inves- 
tigation. In females, the ribonuclease Dicer, involved 
in RNA interference, plays a key role in the female 
germline, although the role in the male is less clearly 
understood. Dicer plays a role in the biosynthesis of the 
miRNAs, which are about 21 nucleotides long. These 
unique gene classes, PIWI and MIWI, are required 
for spermatogenesis and male fertility [34-36], again 
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pointing to the importance of this newly identified 
regulatory pathway in fertility. Obviously, research in 
this area is rapidly advancing. 


Improvements in diagnosis of RNA 
transcription changes 

Expression microarrays define 
transcriptional changes in male infertility 


Molecular techniques progressed from the simple 
analysis of the level of a single mRNA with techniques 
such as a Northern blot to define gene expression 
to the analysis of huge numbers of genes simultan- 
eously with the use of expression microarrays. The 
basic concept remains the same, and relies upon the 
principle of hybridization of complementary nucleo- 
tide sequences. However, the strategy used for these 
arrays differs from the CMA described above (which 
analyzes DNA duplications and deletions) because 
the assay requires that mRNA be transcribed into 
cDNA, again with a linked red or green fluorescent 
dye competitively binding the green control and red 
experimental cDNAs to the oligonucleotides on the 
array. While the principles of data analysis are simi- 
lar to the CMA, and huge amounts of data are gener- 
ated, the information reflects the complex regulation 
of expression of thousands of different genes within a 
tissue of interest. Some arrays focus only on targeted 
genes, for example those involved in cell cycle control 
or DNA repair pathways or other signal transduction 
pathways, while others encompass virtually all known 
genes. Investigators worked to define tissue signa- 
tures representing either specific tissues, cell types, or 
tumor stages. With regard to the testis, Griswold and 
colleagues have amassed a large body of data repre- 
senting testis gene expression in the mouse at various 
times of development [37]. Turek’s group has pre- 
sented microarray data characterizing gene expres- 
sion in human testis representing not only normal 
testis, but also the pathologic histologies of Sertoli- 
cell-only, hypospermatogenesis, and maturation arrest 
[38]. Interpretation, however, is challenging because 
the testis represents a heterogeneous mixture of cell 
types, and accordingly findings often reflect cell- 
type-specific changes rather than direct regulator 
defects. Laser capture microdissection of a single 
cell within a tissue overcomes these caveats but can 
be technically challenging. Nevertheless, the gene 
expression microarray is an important technology 
that provides a broad view of gene expression. 


Genetic analysis of residual RNA in sperm 


The precise contribution of an individual locus to an 
observed phenotype can be challenging in complex 
disorders. Because infertility results in the absence or 
paucity of offspring, a simple linkage analysis is nearly 
impossible to undertake to identify gene defects 
associated with infertility. This fact presents chal- 
lenges to the detection of single gene defects in male 
infertility. The candidate gene approach (targeted 
gene deletion in mouse models, or gene knockdown) 
has provided many new insights into previously 
unrecognized genes required for fertility. However, 
translation of these findings to the human situation 
has been slow, although certain advances have been 
realized. Because oligospermic and normospermic 
infertile men are not candidates for a testis biopsy, 
genetic studies of human infertility to date have 
relied on somatic DNA analysis, an approach that 
provides no insight into the possibility of germline 
mutations or splicing variants/mutations. Sperm are 
transcriptionally inactive because of the condensa- 
tion of the nucleus and tightly packaged chromatin. 
However, prior to that time, during meiosis, micro- 
RNAs are expressed that remain stable up through 
fertilization in the human (discussed previously) 
[39-45]. Indeed, the presence of long-lived mRNA in 
sperm was noted many years ago by Monesi and col- 
leagues [46]. The gene expression microarray studies 
of Krawetz and colleagues suggested that RNA asso- 
ciated with sperm reflect testicular gene expression, 
specifically meiotically expressed genes [42]. Matzuk 
and colleagues used the RNA isolated from human 
spermatozoa to develop a novel diagnostic strategy 
[47]. Interestingly, multiple full-length spermato- 
zoal mRNAs encoding candidate fertility-related 
genes were screened for mutations by reverse tran- 
scriptase-polymerase chain reaction (RT-PCR), and 
over 90% of the haploid-expressed genes tested could 
be analyzed, even in severely oligospermic samples. 
The human homolog of the Drosophila kelch gene 
was investigated, because targeted deletion in the 
mouse results in severe oligospermia due to reduc- 
tion in elongating spermatids. When this residual 
sperm RNA analysis approach was used, germ-cell- 
expressed hKLHL10 mutations resulting in deficient 
protein function were identified in 1.3% of patients 
with oligospermia, demonstrating the utility of 
this approach [47]. Certainly, this approach holds 
promise for noninvasive genetic diagnosis of mei- 
otic-expressed gene defects. 
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Proteomics of human semen and testis 


Although many investigations focus on analysis of 
RNA to assess gene expression, it is imperative to ana- 
lyze the resulting proteins, because not all RNAs are 
translated. The technique involves high-resolution, 
two-dimensional electrophoresis with robotically 
performed dissection of individual protein spots fol- 
lowed by amino acid analysis for protein identification. 
Proteomics allows a large-scale investigation into the 
qualitative and quantitative comparison of proteomes 
under different conditions to further unravel bio- 
logical processes. Proteomics is the study of the com- 
plete complement of proteins in an organism using 
both protein profiling and functional assessments. The 
word proteome comes from PROTEin complement 
to a genOME. These studies are really in their infancy. 
Proteomic analysis of semen has provided potentially 
new markers of prostate cancer [48,49]. Others have 
attempted to use proteomics to describe protein dif- 
ferences in the sperm of men that fail to penetrate the 
ova [50]. Elsewhere, the Herr laboratory has focused 
its proteomic investigations of sperm to identify poten- 
tial contraceptive targets in sperm [51,52]. The field is 
developing rapidly. 


Therapeutic advances of the future 
Stem cells 


Stem cells have the potential to differentiate into dif- 
ferent functional cell types in the body, and their 
discovery has given rise to the fields of regenerative 
medicine and cloning (reviewed in [53]). Investigators 
have sought to develop methods to use stem cells to 
correct or restore fertility. Embryonic stem cells have 
the potential to differentiate into nearly every cell type 
found in the body. As the cells differentiate, they are 
thought to lose this plasticity to develop into different 
tissues; yet specific tissues (gastrointestinal, integu- 
mentary, spermatogenic, and hematopoietic systems) 
maintain their regenerative capacity. In fact, adult stem 
cells have been functionally identified in a wide range 
of tissues. The adult stem cells are thought to hold great 
promise for tissue generation. We focus here solely on 
the therapeutic potential of stem cells for rejuvenation 
of male fertility. 


Embryonic stem cells 

Embryonic stem cells are obtained from embryos, 
such as those generated during a routine in-vitro 
fertilization (IVF) cycle. After fertilization and 


through embryogenesis until about the eight-cell 
stage, the blastomeres are totipotent, meaning they 
have the capacity to differentiate into any cell type in 
the body. Immediately thereafter, the embryonic stem 
cells derived from the inner cell mass of a blastocyte 
become pluripotent, meaning they can differentiate 
into all cell types in the body (tissues derived from 
all three germ layers) with the exception of the pla- 
centa. These cells can be cultured under stringent 
conditions and expanded, yet maintain their regen- 
erative capacity. Stem cell differentiation is controlled 
by both intrinsic genetic signals, and extrinsic signals 
such as growth factors, cell contacts, and the micro- 
environment or niche. Depending upon the culture 
conditions in vitro and/or their transplantation to a 
specific niche in vivo, the cells can be directed to dif- 
ferentiate into different cell lineages. Transplantation 
of undifferentiated embryonic stem cells results in 
teratoma formation, and indeed the first observation 
of stem-cell-like activity occurred during studies of 
embryonal carcinoma cells. Scientists are beginning 
to dissect the pattern of gene expression and extrin- 
sic modulator that regulates each step of embryonic 
germ cell development, and eventually will be able to 
direct embryonic stem cell differentiation efficiently 
down different paths to eventually become virtually 
any tissue in the body [54]. This is the promise of 
embryonic stem cells. 

Embryonic stem cells have the capacity to differen- 
tiate directly into either male or female gametes [55- 
58]. Varying culture conditions have resulted in the 
presence of some haploid gene expression, although 
complete spermatogenesis has been difficult if not 
impossible to achieve in vitro [59]. Using cell culture 
in combination with transplantation to the testis, male 
gametes were derived directly from embryonic germ 
cells [58]. Functional ova have not been as definitively 
achieved, although follicle-like structures have been 
generated in vitro [55,56]. 


Spermatogonial stem cells 

Although the existence of spermatogonial stem cells 
was postulated almost 40 years ago on the basis of 
morphological studies [60-62] and observations of 
spermatogenic damage following toxic exposures, it 
was not until the pioneering work of Brinster and col- 
leagues that their existence was proven [63,64]. Using 
testicular homogenates of transgenic mice express- 
ing the LacZ gene (to provide a marker of cell fate), 
these investigators transplanted these cells into the 
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Fig. 41.3. Spermatogonial stem cell transplantation into Sertoli-cell-only histology mouse recipient testis. Soermatogonial stem cells from 
cryptorchid Rosa26 mouse testis expressing the LacZ transgene were enriched based upon exclusion of rhodamine dye and flow cytometry 
to select the cells that excluded the rhodamine dye. These cells were transplanted by microinjection via the efferent ducts and backwashing 
the testis of a TAF4b-deficient mouse with a Sertoli-cell-only histology. The cells engrafted, colonized the seminiferous tubules, and sperm- 
atogenesis was restored. (A) anoninjected control TAF4b-deficient testis; (B) a TAF4b testis four months after transplantation of the Rosa26 
spermatogonial stem cells. The cell fate of the transplanted cells within the recipient seminiferous tubules is evident by the blue staining 
demonstrating the presence of the LacZ transgene [68]. See color plate section. 


seminiferous tubules of otherwise sterile mice with 
a Sertoli-cell-only pathology. After three months, 
the transplanted spermatogonial stem cells had 
engrafted and colonized the seminiferous tubules. 
Spermatogenesis was restored (Fig. 41.3). The clinical 
implications of this work are enormous. It suggests 
that isolation, enrichment, and cryopreservation of 
spermatogonial stem cells prior to chemotherapy or 
radiation therapy, with later autologous transplant- 
ation, may offer the potential of subsequent restor- 
ation of fertility. This will be especially important 
for survivors of childhood cancer. Adult patients 
can bank sperm prior to cryopreservation. However, 
most couples would prefer a naturally conceived 
child. Work has progressed in many laboratories to 
partially enrich the spermatogonial stem cells of spe- 
cies ranging from mice to primates. Many urologists 
today bank a testicular biopsy from patients about to 
undergo chemotherapy, with the expectation that the 
technology will advance rapidly over the next 10 years 
and allow transplantation in the future. 

Guan et al. isolated spermatogonial stem cells from 
immature mice and, after a selection procedure and 
culture, injected them into blastocysts and showed that 
they differentiated into all three germlines (endoderm, 
mesoderm, ectoderm) and differentiated into various 
organs and tissues [65]. There was germline transmis- 
sion of the marker protein, showing that these rare cells 


had embryonic stem cell activity or could revert down 
the pathway of differentiation back to a primordial 
germ-cell-like cell. These studies could have significant 
implications for the future application of these cells to 
regenerative medicine without the potential ethical 
concerns raised by the use of human embryos to derive 
embryonic stem cells. 

Lentiviral transduction of spermatogonial stem 
cells has permitted germline gene therapy. Using a rat 
model, Ryu et al. transduced germ cells with a fluores- 
cent marker protein, and about 40% of the offspring 
expressed this transgene [66]. This approach would 
potentially offer the hope of correction of gene defects 
through transgenesis. 


Leydig stem cell/progenitors 

Lo et al. enriched Leydig cell progenitors using a com- 
bination of castration, flow cytometry based upon 
differential efflux of Hoechst 33342 dye, and intratesticu- 
lar transplantation into the interstitial space, to dem- 
onstrate both the existence of adult Leydig stem cells 
in the testis and their potential to increase testosterone 
production (Fig. 41.4) [67,68]. When an LH-receptor- 
deficient mouse model was used, transplantation of 
healthy wild-type Leydig cell progenitors expressing 
the LacZ gene to track cell fate resulted in engraftment 
and colonization of the interstitial space. Measurable 
levels of testosterone became apparent in the serum 
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Fig. 41.4. Successful engraftment and colonization of trans- 
planted Leydig cell progenitors into the interstitial space. Adult 
Leydig stem cell progenitors from the testis of Rosa26 male mice 
expressing the LacZ transgene were enriched by flow cytometry 
based upon exclusion of Hoechst 33342 dye and transplanted into 
a Wv mouse testis. The testicular section is stained to show the 
expression of the 8-galactosidase transgene (blue) and counter- 
stained with hematoxylin and eosin (pink) as described by Lo etal. 
[67]. See color plate section. 


over time after transplantation, and spermatogenesis 
was restored in these otherwise hypogonadal, infer- 
tile mice. The method not only offers the potential to 
restore and rejuvenate androgen secretion, but also 
provides a model to study the regulation of Leydig cell 
differentiation and development. 


Conclusions 


There is no doubt that technical and scientific advances 
such as those described in this chapter will drive the 
development of new and innovative approaches to the 
diagnosis and treatment of the infertile male by the 
urologist. As our understanding of the basic mecha- 
nisms of mitosis, meiosis, and sperm differentiation 
grows, along with our knowledge of the processes of 
sperm maturation and transit through the genital tracts 
of the male and female, and of the events of fertiliza- 
tion and early embryonic development, the diagnos- 
tic, medical, and surgical approaches to the treatment 
of infertility will coordinately advance and ultimately 
improve patient care. Thus, in our quest to enhance 
our knowledge of these basic cellular processes that 
have gone awry, medical advances will be realized and 
continually improve our ability to diagnose and treat. 
To cure these infertile patients, rather than assist 
their fertility with assisted reproductive technol- 
ogy (ART) procedures, will require the continued 


application of basic research to define these control 
mechanisms. We look toward the future with excite- 
ment - where we will find that a patient’s genetic, gen- 
omic, and proteomic information provides a view not 
only of his or her current physical state but a predic- 
tion of the likelihood of future illnesses or syndromes. 
For the urologist, such information will become as 
important as the patient history in the course of the 
workup of the infertile male. Couples face overwhelm- 
ing financial and emotional costs related to their infer- 
tility. For these patients, knowledge of the cause of 
their infertility that will be gained as a result of these 
new technologies, and of the potential consequences 
of that infertility for the offspring, will allow them to 
make informed decisions regarding their options for 
assisted reproduction. It is hoped that the advanced 
techniques and research findings discussed will pro- 
vide not only new treatment options but also insights 
into the safety and long-term consequences of the pre- 
dominant current clinical strategy, which largely relies 
upon the use of defective or deficient sperm for fertil- 
ization rather than treating the cause of the infertility. 
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median cysts 380 
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angiographically-guided 388-89 
balloon 346, 347, 355 
complications 355 
external cremasteric system 332-33 
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